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A WATER-VAPOR ELECTROLYSIS CELL
WITH PHOSPHORIC ACID ELECTROLYTE

by
J. E. Clifford, J. A. Gurklis, J. G. Beach, E. S. Kolic,
E. W. Winter, A, C. Secrest, J. T. Gates, and C. L. Faust

SUMMARY

A water-vapor electrolysis cell which uses a phosphoric acid elec-
trolyte (commonly referred to as the '"P0g cell') has been shown to be a
potentially attractive subsystem for spacecraft atmosphere control on mis-
sions of extended duration. When the vapor cell is operated on recirculated
cabin air, dehumidification and generation of oxygen occur simultaneously
and many factors control the ultimate performance. A better understanding
of the operation of the vapor cell has been obtained by further theoretical
and experimental research directed toward the objectives of lower cell volt-~
age and increased operational reliability.

Voltage analysis by a current-interruption technique was successfully
applied to identification of the various components of polarization. The
primary cause of the relatively high cell voltage with a vapor cell was iden-
tified as concentration polarization of which about 85 percent occurs at the
anode. The concentration polarization was shown to be characteristic of the
high acid concentrations required for operation of a vapor cell on the typical
humidity of cabin air, Practically all of the activation polarization was elim-
inated by the use of platinized-platinum electrodes. Extended operational
testing of experimental vapor cells showed that the platinized-platinum elec-
trodes and electrolyte matrix were stable for at least 1000 hours with rela-
tively constant cell voltage for constant operating conditions.

The voltage characteristics of a vapor cell as a function of current
density are controlled by the steady-state concentration and temperature of
the electrolyte in the matrix which determines the absolute value of the con-
centration polarization and ohmic polarization for a particular matrix design.
The results of a theoretical analysis of fluid dynamics, heat transfer, mass
transfer, and electrochemical factors that control the steady-state electro-
lyte concentration and temperature were consistent with the observed per-
formance of experimental vapor cells. Equations for predicting cell per-
formance were derived in terms of the independent design and operating
variables.



The above knowledge was applied to cell design with significant reduc-
tion in size and weight as exemplified in a small laboratory model unit con-
sisting of a battery of ten cells in series. During the first 300 hours of con-
tinuous operation, the voltage characteristics were favorable and perfor-
mance was as expected for the operating conditions used. Estimates for a
prototype unit, weight optimized for a power-supply penalty of 300 1b/kw and
based on extrapolation of the laboratory model performance are: 285 watts/
man at 2. 25 volts/cell and 15 amp/ft for a cell size and weight of 0. 12 ft3/
man and 10 1b/man.

The above estimates compare favorably with other water-electrolysis
systems at the present state of the art and are enhanced by the indications of
cell design simplicity and reliability for extended operation. Although not
limited to use of water in cabin air, the vapor cell appears very attractive
for ultimate integration in a cabin air-conditioning system because of unique
advantages absent from other water-electrolysis methods for oxygen
generation.

INTRODUCTION

Prior Studies

Prior research studies (ref. 1)* had indicated that the water-vapor
electrolysis cell (often called the P,0g cell) was technically feasible and
promising. However, in comparison to other electrolysis methods of gen-
erating breathable oxygen, the vapor cell was not competitive because of the
unusually high electrolysis voltage and lack of data on operational reliability.

The reason for using a phosphoric acid electrolyte (rather than a caus-
tic electrolyte) was the advantage of operation on carbon dioxide-containing
air. Prior work and the present study have emphasized the use of the vapor
cell on recycled cabin air where simultaneous dehumidification can be ac-
complished. Thus, the humidity of the air supplied to the cell is restricted
to values typical of cabin air. Estimates from prior work at Battelle (ref. 1)
based on operation of laboratory model cells indicated a cell voltage of
4. 2 volts for a 3-man cell weight of 150 pounds. The possibility of some re-
duction in cell voltage and cell weight was recognized. This was verified by
concurrent studies by NASA which indicated a cell voltage of about 2. 9 volts

*References are given at end of report,



for a 3-man cell weight of 110 pounds. The power consumption was too high
for a practical aerospace system in view of the high power penalties (i.e.,
300 1Ib/kw based on current projected estimates for the time that oxygen re-
covery systems will be introduced); the large cell weight did not allow use of
lower design current densities to reduce cell voltage.

Prior to the present study, the cause of the high cell voltage was not
known with certainty. Part of the difficulty stemmed from lack of knowledge
of the concentration of electrolyte in the matrix for various operating con-
ditions. An extreme example is the misnomer of the phosphorus pentoxide
(P,0g) cell that derived from the very early belief that a semisolid electro-
lyte of hydrated POy was necessary. Lack of control of input air properties
and insufficient data at steady-state conditions were limitations evident from
prior studies. Perhaps, the most important need was a theoretical basis for
cell design and selection of cell operating conditions that would provide opti-
mum cell performance at representative inlet air feed to the cell.

The prior studies defined the principal area for further research and
influenced the initial research program.

Objectives

The overall objective of the present study was to advance the state of
the art of the phosphoric acid-type water-vapor electrolysis cell. For the
present study, the intended application was limited to cabin air.

The two specific objectives of the research program were:

(1) Reduction of cell voltage

(2) Increase in operational reliability.

Research Program

The research program was carried out as essentially four concurrent
phases with different emphasis as the research progressed:

(1) Voltage analysis, to identify the problem, received the
initial emphasis.




(2)

(3)

(4)

Extended operational testing of cells for at least 1000 hours

was carried out primarily in support of electrochemical
studies initially and for evaluation of cell design and operat-
ing performance as suitable cell designs evolved.

Cell design improvement with primary emphasis on weight

reduction was carried on throughout the program. Thus,
some of the earlier experimental cells used for extended
testing were not adequately sealed for separation and col-
lection of hydrogen gas. This was recognized as primarily
a design problem that did not adversely affect the electro-
chemical performance of the cells with respect to voltage
analysis and evaluation of electrodes and matrix stahility.

Theoretical analysis of cell performance and derivation of

design equations were taken up in the approximate order:
electrochemistry, fluid dynamics, heat transfer, and mass
transfer. The detailed derivations are covered in Appen-
dixes B and C and examples are given of the use of the
equations in analyzing experimental results. The most
recent work on mass-transfer analysis provided the infor-
mation needed for a complete picture of vapor-cell opera-
tion and allows estimates of expected performance under
conditions not yet specifically evaluated in the continuing
development program.

SYMBOLS

constant in voltage equation

area, £t2

= cross-sectional area of air channel (W x b'), ft2

effective area of matrix (L x W), in. 2

total area of matrix, in. 2

constant in voltage equation (slope)

equivalent parallel plate spacing of air channel, mils



h

h;

constant in voltage equation, ohm -ft2
specific heat, Btu/lb-F

diffusivity, ft2/sec

equivalent diameter of air flow duct, ft

initial acid impregnation, grams P,Og /in. 3 of the total
matrix volume

electrolysis cell voltage, volts

cell voltage minus ohmic polarization (E - E1R), volts
activation polarization at anode, volts

concentration polarization at anode, volts

activation polarization at cathode, volts

concentration polarization at cathode, volts

ohmic polarization, volts

reversible cell potential, volts

total activation and concentration overvoltage
(E - Ejr - Ep), volts

standard potential at temperature T, volts

total activation polarization (anode + cathode), volts
total concentraion polarization {(anode + cathode), volts
void fraction of matrix (porosity as a fraction)
Faraday (96,500 amp-sec/equivalent)

humidity, 1b H,O /1b DA

humidity of air at inlet to vapor cell, 1b H>O/1b DA

h, = humidity of air at outlet of vapor cell, 1b H,0/1b DA



heat transfer coefficient, Btu/hr-ft2-F

average humidity from inlet to outlet, 1b H>O/1lb DA

mass transfer coefficient, ft3 /hr-t2

water consumed by electrolysis, 1b H,O/lb DA

water added to air in cabin, 1b H,O/lb DA

water in hydrogen leaving electrolysis cell, 1b H,O/lb DA
water in hydrogen leaving electrolysis cell, 1b H,O/lb dry H,
humidity in equilibrium with electrolyte, 1b H,O/lb DA
average driving force vapor absorption, 1b H,O/lb DA

heat of reaction, calories/g-mol

current density, amp/ft2

optimum current density for minimum system weight, amp/ftZ
total current, amperes

current per cell, amperes

factor indicating added resistance of matrix

thermal conductivity, Btu/hr-ft2-F

coefficient which is a function of heat transfer and mass-
transfer area

coefficient for heat (or mass) transfer from two walls
coefficient for heat (or mass) transfer from one wall
distance through electrolyte from anode to cathode,-in.

length of matrix (electrode or air channel) in air flow direction,
in.

wetted perimeter of fluid flow channel, ft



total length of matrix in air flow direction, in.
number of men (where one man consumes 2 lb Oz/day)

relative air flow factor (ratio of water supplied by inlet air to
water consumed by electrolysis)

number of electrons transferred in reaction

C
p#

k‘

Prandtl number

DeV

Reynolds number
v

vapor pressure of water, mm Hg

partial pressure of hydrogen, atmospheres

partial pressure of oxygen, atmospheres

partial pressure of water vapor, atmospheres

total atmospheric pressure, mm Hg

pressure drop (wall friction) of air flow through cell, 1b/in. 2 (psi)
power consumed in electrolysis, watts

blower power (per cell) for cabin air recirculation, watts/cell
total blower power (per man), watts/man

electrical power penalty, watt/lb

volumetric air flow rate, ft3/min

volumetric air flow rate (per cell), £t3 /min per cell

total volumetric air flow rate, ft3/min

heat, watts



il

i

i

heat input to system from electrolysis, watts
heat output from system in air stream, watts
gas constant
hydraulic radius, ft
Schmidt number i
D
specific weight of cell per unit of electrode area, lb/ft2
specific volume of cell per unit of electrode area, £t3 /£t2
thickness of matrix, in.
fraction of available matrix porosity filled with electrolyte
excess thickness of electrolyte beyond matrix thickness, in.
optimum value of t,, in.
temperature, F
difference in temperature in matrix (T,' - T;'), F
inlet air temperature, F
electrolyte temperature in matrix near inlet, F
outlet air temperature, F
electrolyte temperature in matrix near outlet, F
temperature rise of air passing through cell (T, - T;), F
average temperature of electrolyte in matrix, F
specific volume of moist inlet air, £t3/1b
mean velocity of air flow through cell, ft/sec
voltage of battery of cells in series, volts

effective volume of matrix (Aet), in. 3



V, = total volume of matrix (Att), in. 3

w = wire size of screen electrode, in.

[ e wxront ~lad

W= width of matrix (electrode or air channel) perpendicular to L0 and
parallel to electrode, in.

W, = weight penalty for blower power, 1b
Wy, = weight penalty for heat rejection, 1b
W, = total width of matrix, in.
x = electrolyte volume factor, in. 3 electrolyte/gram P,04

x' = electrolyte volume factor under steady-state conditions, in. 3

electrolyte/gram P,0q
71 = blower efficiency (as a fraction)

viscosity of air, 1b/ft sec

=
1}

u' = viscosity of air, centipoise

<
I

kinematic viscosity of air, ft2/sec

p = specific resistance of electrolyte, ohm-in.




EXPERIMENTAL TECHNIQUES AND APPARATUS

Cell-Voltage Analysis

Introduction

To better understand the overall operation of the vapor cell and also to
improve cell design and operating procedures, a quantitative knowledge of
the various components of the total cell voltage was needed. Cell-voltage
analysis, by use of a current-interruption method, to resolve the compo-
nents of cell polarization provided the guidelines for subsequent research.
The techniques and procedures used are described below. The significance
of the data and results also are discussed.

Later in the research program, a current/voltage curve technique was
used to supplement the current-interruption method of voltage analysis in the
study of cell operation and performance.

Definitions

Let E be the observed voltage between the connecting terminals of
the electrolysis cell for any given condition. Then,

Eeenn = decomposition voltage + total polarization voltages.
In this general relationship, the decomposition voltage can be obtained from
independent thermodynamic data, as will be described later. It is consid-
ered separately because, as defined, the decomposition voltage is indepen-
dent of current through the cell. The polarization voltages all depend upon
electrode current densities.

Polarization is a generic term to include all voltages bevond the de-
composition voltage. Polarization, as thus defined, includes all IR losses
that arise from internal cell resistance between the terminals, in accor-
dance with Ohm's law. Polarization includes also the voltages created by
diffusion gradients of materials flowing into, out of, or through the cell.
Sometimes the concentration or diffusion processes are referred to as
"mass transfer''. Finally, polarization includes the activation energies that
are required to drive an irreversible electrochemical process at a given
rate.

10
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Each of these polarization voltages may, in turn, be the sum of two or
more voltages. Moreover, one or more polarization voltages may occur at
each electrode, at both electrodes, or in the electrolyte. To bring some
order into what is, or might be, a complicated situation, the following defi-
nitions are made for each type of voltage loss.

Egr = IR (ohmic) polarization, the voltage loss due to ohmic re-
sistance of the electrolyte or electrolyte media

Eaa = Activation polarization at the anode

Eca = Activation polarization at the cathode

Eac = Polarization at the anode created by concentration (diffusion)
gradient at the anode

Ecc = Polarization at the cathode created by concentration (diffusion)

gradient at the cathode.

The summation of all these individual voltage losses is equal to total
polarization.

If we now give the decomposition voltage a symbol E the cell voltage
can be written as follows:

E +E + E + E + E + E

Ece11 =5 IR aa ca ac cc

Sections of the report to follow will now give the details on how each of these

defined polarization components were measured. Numerical values, mea-
sured in the laboratory, will be assigned to each of the parts of cell voltage.

Calculation of Decomposition Voltage

The decomposition voltage (E_ ) was calculated from the free-energy
change at a temperature of 75 F for the reaction.
O(g) " H + 1O 1
H,0(g) 2(8) +50,(g) . (1)
To yield positive voltages to the calculated values, E_ is considered to be the

negative of the theoretical voltage that would ordinarily be calculated for the
above reaction

11



where

By

1]

1

2z
(Pr,) (PoO>)
o= t + lljlg‘ln (IZ) )2 4 (2)
: H;O

standard potential at temperature T, volts (using
water in the gaseous state as standard permits
direct use of the partial pressure of water over
the acid as a measure of water activity)

partial pressure of water vapor, atmospheres
(assume vapor pressure of water over electrolyte
for both cathode and anode compartments is the

same)

partial pressure of hydrogen in cathode compart-
ment, atmospheres

partial pressure of oxygen in anode compartment,
atmospheres

temperature on the Kelvin scale, 297 degrees

universal gas constant, 8. 314 volt-coulombs per
mole per degree

Faraday's constant, 96,500 coulombs per equivalent

number of equivalents per mole of decomposed water.

The standard potential at 75 F, (E;), for reaction 1 is -1. 184 volts.
The minus voltage sign means that reaction 1 proceeds spontaneously in the
opposite direction to that shown in the equation. The water-vapor pressure
over an electrolyte of 85 percent H3POy, is 0. 0066 atmosphere. For a nor-
mal air mixture (21% O, and 79% N;) at a total pressure of 1 atmosphere in
the anode compartment, PH,0 = 0. 0066 atmosphere and PO, = 0. 209 atmo-

sphere. In the cathode compartment, assume only water vapor (PHZO =

0. 0066 atm) and hydrogen (pH2 = 0. 99 atm). Egquation 2 then becomes

12



1

= 1. 184 + {2:303) (8. 314) (297) | (0. 99) (0. 209)2
° (2) (96,500) (0. 0066)

=
I

E 1.234 volts.

(o]

The significance of this calculation is that all water-vapor electrolysis
units, with the defined conditions, must operate at greater than 1. 23 volts.
Lesser voltages are theoretically impossible. Greater cell voltages are
practically certain because total polarization, in practice, is always greater
than zero. Moreover, changes in gas pressures will have minor effects on
cell voltages. This follows because a tenfold change in sz, PHZO or poz

53917 Alimn ea Y ki Taco +lomae N N2 T mre T m e Al mae R o o4
Wil Cnange Lo Dy 1€55 Lnall V. Vo VOIL, O Les5SS5S tnan 2 percent.

Measurement of Polarization Components

IR Polarization. The basic principle used to measure resistance is to
obtain the instantaneous voltage change when a cell at a given current, I, is
changed to open circuit. Instantaneous in this situation was defined to mean
within about 5-7 microseconds.

In the case of a liquid electrolyte, cell resistance was assumed to re-
side solely within the electrolyte solution. This resistance can sometimes
be calculated using handbook values for specific resistance, p, with the
relationship:

where £ is the separation of the electrodes and A is the electrode area.
Multiplying the above equation by the current I, shows how IR voltage would
be proportional to electrode current density, i:

IR=%pE=ipZ . (3)

Activation and Concentration Polarization. To measure activation
voltages and voltages caused by concentration or mass transfer, the tech-
nique described by Trachtenberg (ref. 2) was adapted to the cell-voltage
analysis. The assumption is made that diffusion processes are relatively

13
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slow and will requi re more than 10~4 second to show any measurable effect.
Activation voltage changes are assumed to be faster than diffusion polariza-
tion with major changes occurring between 1076 and 10-4 second. Obvi-
ously, there will be an actual overiap of time with both voltage changes, but
the above assumptions are believed to provide a meaningful separation of the
effects for the first approximation.

To separate the effects at the anode from those at the cathode, a third
electrode is required for reference purposes. A reference electrode is
easily inserted into laboratory cells with liquid electrolyte. Insertion of a
reference electrode into a matrix cell is more of a problem. Experimental
details on reference electrodes will be described later.

Reference Electrodes

Autogenous Hydrogen Reference Electrode. The reference electrode
used in the voltage-analysis studies was patterned closely to that described
by Giner (ref. 3). This reference electrode is also called an autogenous
hydrogen electrode. It consisted of a platinized-platinum wire spiral elec- -
trode at which hydrogen is evolved electrolytically at a cathode current
density of about 1 ma/sq cm, another platinized-platinum wire spiral served
as the anode. Both electrodes were enclosed in a fritted-glass gas-
dispersion tube. At the above current density, the overvoltage for hydrogen
evolution is constant and amounts to less than about 20-30 millivolts for acid
solutions of 1 to 5 N, so that the potential practically equals the reversible
hydrogen potential.

The autogenous hydrogen electrode was checked out and measured
-43 millivolts with respect to a reversible hydrogen electrode in 85 percent
phosphoric acid solution at 80 F. For these measurements, two platinized-
platinum electrodes with pure hydrogen bubbling around them were used;
these two hydrogen electrodes checked within 0. 1 millivolt of each other,
indicating good reliability.

For the work reported in figures 2 and 3, the polarization-decay
curves were plotted with the autogenous hydrogen electrode potential as
zero.

This reference electrode was convenient to use for the initial cell-
voltage analysis work. With the small experimental cell used, a tonguelike
wick of microporous rubber matrix material extending from the cell proper
to a beaker containing 85 percent H,PO, solution served to make the con-
ductivity bridge to the reference electrode, which was also immersed in the -
H3PO,4 solution.
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Palladium Alloy Reference Electrodes. The autogenous hydrogen
electrode, although suitable for some types of cell-voltage analysis work,
was too cumbersome and not readily adapted for use with an operating vapor
cell. For that reason, an effort was made to develop either a palladium-
silver (75Pd-Ag) or pure palladium-foil hydrogen reference electrode.

Consistent and reliable readings with a hydrogen-charged
75 palladium-25 silver reference electrode versus the reversible hydrogen
electrode could not be obtained. Work was then shifted to pure palladium in
an effort to develop a stable and reliable alpha-palladium-hydrogen refer-
ence, somewhat similar to that described by Hoare (ref. 4),

Three palladium strips were inserted at different locations between the
microporous rubber and the asbestos on the anode side of Cell 3 (see fig-
ure 4 shown later in report). A reliable method for charging the palladium
electrodes with hydrogen in situ in the sealed electrolysis cell and for ob-
taining consistent and reliable electrode readings was not developed. The
exact cause for variable reference-electrode readings is not known. Vari-
able readings were probably associated with charging conditions (not know-
ing how much hydrogen is taken up by the palladium strip during charging),
and also oxidizing conditions in the operating cell which cause potential
decay.

For the above reasons, and because the cell-voltage analysis work had
progressed sufficiently, so that knowledge of the individual electrode polari-
zation components was not mandatory for interpreting cell performance,
further work on developing a workable reference electrode inside the cell
was recessed.

Current-Interruption Technique

Polarization-Decay Curves. The following procedure was used to ob-
tain cell-voltage analysis data using the current-interruption technique.
Data for determining total cell ohmic polarization and for plotting the indi-
vidual polarization-decay curves for the anode and cathode electrodes versus
a reference electrode were obtained as follows:

(1) Select a current density for cell operation and allow cell to
operate until fairly steady readings of current and voltage
are obtained (these conditions were obtained within 1-3
minutes).

15



(2) Measure overall cell voltage, and also the potential of the
working electrode versus the reference electrode. This
latter potential was measured using either a Millivac or a
vacuum-tube voltmeter; this potential serves as the refer-
ence basis for use with the oscilloscope traces.

(3) Interrupt current and visually observe or photograph the
potential decay versus time traces on the oscilloscope. ¥
A series of photographs (about 10-12), with different oscil-
loscope settings for sweep speed and vertical sensitivity,
were taken to obtain data for the individual electrode curves
(figures 8 and 9 shown later in the report).

(4) Plot data as shown in figure 8 (see illustrative examples
handling data given later in the report).

A further discussion of the switching circuitry and also of the overall
current interruption is presented in Appendix A.

Treatment of Oscilloscope-Trace Data. Two illustrative examples for
getting data for polarization-decay curves (figure 8 shown later in report)
from oscilloscope traces (see figure 1) are given below:

thy
HHt

YT FYRT1 YUY YT
LLLAI LRR AT RRRES LIRS

T

TN
™

o
o

A-51286

FIGURE 1. OSCILLOSCOPE TRACES OF POLARIZATION DECAY

See illustrative examples in text for additional infor-
mation on the above oscilloscope traces.

*Type 545A Oscilloscope, Tektronix, Inc., Portland, Oregon. The technique employed was closely similar to
that described by Isaac Trachtenberg (ref. 2). Current interruption in these studies was achieved using a man-
ually operated switch which was hooked up with a mercury-wetted contact relay (Catalogue No. MW-1602-1,
The Adams & Westlake Co., Elkhart, Indiana). ’

16



Example I: Anode Yre_l_'isu's Reference-Electrode Data

(1) Anode versus autogenous hydrogen electrode potential =
2, 70 volts (measured with a vacuum-tube voltmeter)

(2) Data for oscilloscope trace of figure la:
Sweep speed (time/cm) = 50 Usec/cm
Vertical sensitivity = 0. 2 volt/cm

(3) Determination of value at 50-uUsec time (point A on figure 8)
Value from trace at 50-Usec on figure la = 0. 24 volt¥
Potential value for plotting: 2. 70 - 0. 24 = 2. 46 volts

(4) Determination of value at 100-lsec time (point B on figure 8)
Value from trace at 100 Usec on figure la = 0. 27 volt

Potential value for plotting: 2.70 - 0.27 = 2, 43 volts

Example II: Cathode Versus Reference-Electrode Data

(1) Cathode versus autogenous hydrogen electrode potential =
-0. 165 volt

(2) Data for oscilloscope trace of figure lb;
Sweep speed (time/cm) = 50 Usec/cm
Vertical sensitivity = 0. 2 volts/cm

(3) Determination of value at 500 isec time (point C on figure 8)

Value from trace at extreme left of figure 1b = 0. 133 volt
Potential value for plotting -0. 165 + 0.133 = -0. 032 volt

Current/Voltage-Curve Technique

Current/voltage curves can be used to describe the voltage charac-
teristics of the electrolysis cell and are useful for cell design and optimiza-
tion. Moreover, the curves apjpear to provide useful analytical information
to supplement the voltage analysis by the current-interruption technique.
Thus, some effort was devoted to perfecting the technique of obtaining
current/voltage curves on the operating cells to develop a useful experi-
mental '""tool" for future studies.

*Figures 1a and 1b are tracings made from photograph of oscilloscope trace.
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The plot of cell voltage versus current density was obtained by de-
creasing the current in increments and reading the voltage on a digital volt-
meter (current settings were read as accurately as possible from the
ammeter).

Provided there is little change in concentration and temperature of the
electrolyte in the matrix, the ohmic polarization will vary linearly with cur-
rent density. Thus, a value of ohmic polarization (Eyg) was assumed and
the cell-voltage curve was corrected for ohmic polarization to give the curve
of electrode polarization (E' = E - Ejg). By trial and error a value of ohmic
resistance was obtained which gave a straight line for E'. The trial-and-
error method was used for data obtained with Cell 3 after 1074 hours of
operation and shown later in figure 10.

The voltage characteristics of the cell can be described by an equation
of the form:

E=a+blogi+ci ,

which relates cell voltage and current density. (It is important to note that
the equation relates only to the average steady-state electrolyte concentra-
tion and temperature that existed in the matrix at the steady-state current
density immediately prior to obtaining the current/voltage curve.)

Using the assumption (verified several times by careful measure-
ments) that E - Ejp is a straight line when plotted on semilog paper versus
log current density, a simple procedure was worked out for determining the
voltage equation from three voltage measurements that can be obtained

quickly:

E; at 32.8 amp/ft2 (the operating current density for experimental
cells)

E, at 10 amp /ft2
Ejatl amp/ft2.

The three voltages are sufficient to determine the constants by simultaneous
solution of three equations of the form:

E=a+blogi+tci.

The choice of current densities provides a simplification since i, = 10 and
logip =1;i3=1and logij = 0. Therefore



E; +0.516 E5 - 1.516 E,
c =

- 18. 16

a=E3-c
b=E2-a—100

The preferred technique requires only three rapid voltage measure-
ments (~30 seconds) starting with the operating current (32. 8 amp/ft2 for the
experimental cells). Slight differences in the value of the constants were
obtained depending on whether the voltages corresponded to decreasing the
current density (<i) or increasing the current density (>1). The sequence of
current densities used was 32.8, 10, 1, 10, and 32.8 amp/ftz. Thus, the
values obtained in the increasing-current-density half of the cycle involve a
time delay and more departure from steady-state conditions. There appears
to be more difference in the constants depending on whether the air flow was
on or off as shown by the following comparative results for Cell 4b at
287 hours of operation:

E=a+blogi+ci

E=1.956+0.1301log i+ 0.0094 1 (air flow off, <i)
E=1.956 + 0.138 logi+ 0.00951i (air flow off, >i)
E=1.945+ 0.121 logi+ 0.01041 (air flow on, <i)
E=1,945 + 0. 126 logi + 0.0098 1 (air flow on, >i)

The constant c is probably a good indicator of the average steady-state
electrolyte concentration/temperature as reflected in the specific
resistance p:

Ci:pItk=p1tk (4)
144A 144
tk p
- 5
€= Tla4 (5)
144c
_ 6
e =’ (6)
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where

constant in cell voltage equation, ohm /ft2

c=
t = thickness of matrix, inch

k = factor indicating added resistance of matrix

p = specific resistance of electrolyte, ohm-inches
I = current, amperes

A = area, £t2

i = current density, amp/ft2

Values of specific resistance (o) for phosphoric acid as a function of
temperature and concentration are shown in figure 2.

The value of k is not known accurately but measurements of ohmic
polarization of phosphoric acid solutions with and without a 0, 033-inch
microporous rubber matrix suggest a value of k £ 8. Thus, for the experi-
mental cells which also contained two 0. 010-inch-asbestos layers, an esti-
mate is that k = 9. '

144c¢

= ———————— = 3 .
£ (0.053) (9) 00 ¢ ' (7
Using a value of ¢ = 0. 0094 (from the voltage equations shown above),
P is calculated to be 2.8 ohm-inches. As can be seen from figure 2, there
are many combinations of temperature and acid concentration for which p =
2.8 ohm-inches. However, the range of possible values of electrolyte con-
centration and temperature is narrowed as a first approximation. For more
precise estimates, one other item of knowledge is needed, such as the
steady-state electrolyte temperature of about 90 F or the acid concentration
of about 76 percent H3POy4. The latter information was developed from theo-
retical analysis of heat transfer and mass transfer to be discussed in more
detail later in this report. Primarily, the value of ¢ determined from
current/voltage curves was used as a cross check on other estimates of the
steady-state electrolyte.

The constant "'a'" in the equation is the voltage at 1 amp/ftz corrected
for E{gp. Since the activation polarization E., is probably negligible at this
low current density, (a - 1.23) is approximately equal to the total concentra-
tion polarization E;. at 1 amp/ft2. Thus, it is probable that the constants
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a and b (the slope of the straight line) are functions of the electrolyte concen-
tration and temperature and reflect the effect of changes in these variables
on the total concentration polarization. The effect of electrolyte concentra-
tion and temperature on the constant ''a'" was determined in studies with a
free electrolyte using the current-voltage technique (table 4 shown later in
this report).

Experimental Voltage~-Analysis Cells

To denote experimental cells that were constructed specifically for
purposes of developing the voltage-analysis techniques and for carrying out
voltage-analysis studies, the notation VA is used. The various types of VA
cells employed are described below.

Free-Liquid Cells (No Matrix). To check on the ability of the current-
interruption method to show changes in ohmic polarization (Ejg) with cur-
rent density, a small rectangular glass cell, VA~1 (Voltage Analysis Cell 1)
was used. The cell contained no matrix and was filled with 85 percent
H3POy4 solution. Smooth platinum sheet electrodes (immersed area 1 by
1 inch) were used. The back sides of the electrodes were stopped off with
an organic coating; the anode-to-cathode spacing was 1 inch.

Slight modifications of free-liquid cell VA-1 were made for carrying
out other voltage-analysis studies. In Cell VA-la, a gentle stirring of the
electrolyte was provided with a magnetic bar; an autogenous hydrogen elec-
trode was also used in Cell VA-la. In Cell VA-1b, which was used to study
the effects of acid concentration and temperature on cell voltage components
by means of the current/voltage curve technique, the autogenous hydrogen
electrode was omitted; the stirring bar was used.

Matrix-Type Cells. Following the ohmic-polarization studies on the
small glass cell with a liquid electrolyte, several small experimental cells
VA-2a and VA-2b with flat microporous rubber matrixes,* impregnated with
85 percent H3POy electrolyte, were assembled for use in carrying out com-
plete cell-voltage analysis studies. Platinum electrodes (45-mesh, 0.078-
inch-diameter wire) were used: bright platinum (VA-2a) and platinized
platinum (VA-2b). The cell area was 0.8 in. 2; no air circulation was
employed.

* ACE-SIL flat microporous battery separator, American Hard Rubber Co., Akron, Ohio.
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Liquid-Matrix Cell. To simulate a cell with gas evolved to a gas
phase, and one in which gas intermixing was prevented, the liquid-matrix
cell assembly, VA-3, shown in figure 3 was designed. A platinized-

. .
platinum screen and asbestos-sheet matrix were attached to one end of each

of two vertical glass tubes. These two tubes were positioned with the screen
electrodes touching the liquid at the solution level. The tubes were spaced
on 6-inch centers. Electrolysis was carried out in 85 percent H3POy at a
temperature of 85-90 F. An autogenous hydrogen reference electrode was
used for voltage analysis by the current-interruption technique.

Vapor-Cell Construction

Introduction

The water-vapor electrolysis cells discussed in this section were used
in the extended operational testing program. The construction of the cells
is described in detail sufficient for interpretation of experimental results
relating to materials used and stability for continuous extended operation.
Comparative evaluation of materials was not an objective of the present
study. All of the functional design improvements evaluated in successive
experimental cells were incorporated in the ten identical experimental cells
used in the laboratory model. The technique of construction and assembly

of the laboratory model is described in more detail.
Comparative data on cell component weights are listed in table 9 which

appears later in this report. Comparative data on initial acid impregnation
of experimental vapor cells is shown in table B-1, Appendix B.

Special Cells

—

N

Cell 1. The cell unit obtained from NASA was selected for the first
evaluation to provide a base line and tie-in with prior studies. The only
modification of the cell was the addition of a 5-mil sheet of split asbestos
(supplied by NASA) to each side of the ""as-received' matrix. The electrodes
were replatinized. The matrix (9 by 3 inches) was impregnated with
21 grams of 96 percent H3PO4 (70 percent P,Og). Other details of cell con-
struction are not pertinent in view of the limited evaluation of this cell.

23



Rubber
stopper

,—Glass tube

Pt-wire
current lead

8" long tubes — — — Glass shield +\\
1.0"0D \9\1’ plate “
07" 1D ~C

Thermometer:
_ N
_— \
Platinized \
45-mesh
Pt electrodes
Matrix:
NAAC:CIO-S14 = ol
Asbestos sheet
10-mils thick

Electrode and —
matrix sealed
with Ecmid
coating to bottom
edge of tubing

lass tube
/~Rubber stopper

Pt-wire
current lead

/—Au’togéneous hydro-

aen reference
gen reference

electrode assembly

P :Lucite cover plate

T4 |

-85 °/‘i H3PO4
solution
level

Magnetic g
stirring
bar

Pyrex dish
~8"x 4"x 3"

Magnetic stirrer

8"

\Fritted glass

bubbler tube

FIGURE 3. SKETCH OF LIQUID-MATRIX CELL ASSEMBLY (VA-3)

USED FOR VOLTAGE ANALYSIS IN A CELL WITHOUT
GAS INTERMIXING

24



Cell 2. Cell 2 was assembled primarily for voltage-analysis studies
on a vapor cell operating under steady-state conditions. The matrix was a
double-layer disk of 10-mil asbestos sheets (identified later) of 1. 6-inch
diameter (l.2-inch diameter effective for electrolysis) impregnated with
1.3 grams of 85 percent H3PO4. The anode and cathode were platinized
platinum screen (45-mesh, 7.8-mil wire). A reference electrode (2-mil
palladium-silver strip about 1/8 inch wide) was inserted between the two
matrix layers for voltage-analysis studies.

Sealing was inadequate and gas leakage occurred within the cell so that
pure hydrogen gas could not be collected. Subsequent studies confirmed that
the problems in cell design relating to gas intermixing did not adversely
affect the cell voltage. The extended operation of this cell provided sup-
porting evidence on the stability of the asbestos matrix and platinized-
platinum electrodes.

Experimental Cells

The term ''experimental cell" is used to describe a single cell of one
anode and one cathode with a composite matrix sandwiched between. At the
beginning of this program, the ''experimental cell"” was adopted as the basic
building block for construction of the 'laboratory model'" (10 series-
connected experimental cells) and design of '"prototype units'' (various
"laboratory model' units connected in parallel electrically). Several fea-
tures of the experimental cells used in the laboratory model were ''standard-
ized'" in the sense that they were not changed when found to be adequate for
the present study. By this procedure the number of variables involved in the
performance evaluation was reduced to allow more emphasis on dynamic
factors.

Standard Features. The dimensions of the ""experimental cell" were
standardized as 2 by 2 inches based -on the geometric area for each screen
electrode. Current densities reported are based on the geometric electrode
area and effective matrix area for electrolysis of 4 in. 2.

The "'standard composite matrix' used in all "experimental cells"
(Cells 3, 4a, and 4b) and the battery of cells in the laboratory model con-
sisted of one 33~mil microporous rubber (MPR) separa.tor* sandwiched be-
tween two 10-mil-asbestos sheets.** The matrixes of the "experimental

*Ace-Sil, flat microporous-rubber battery separator, American Hard Rubber Company, Butler, New Jersey;
similar to material used in prior studies at Battelle (ref. 1).
*NORAMITE ®, C-10-5-14, North American Asbestos Corporation, Chicago, Illinois.
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cells' were initially impregnated with various amounts of 85 percent
H,PO,* (nominal composition of reagent grade chemical).

The platinum electrodes were commercially available woven screen
(either 45-mesh, 7.8-mil wire or 80-mesh, 3-mil wire). Platinum lead
wires were spot welded to the screen electrodes.

Platinized-platinum screen electrodes were.prepared using a platinum
chloride solution (5 percent by weight of H,PtCly 6H,0) which was diluted
with distilled water about 2:1 to provide a platinum metal concentration of

1/2 to 1 percent by weight. Lead acetate was added in the amount of

0.002 nr/'l of D'hl(".—"l'{jO \-\ and the hlatlanlng solution was used at room tem-

perature Usually, two screens (4 in? each) were platinized together by
making one the cathode and the other the anode at 0.8 ampere for 2-1/2 min-
utes and then reversing the polarity. The procedure was repeated four

tirnoa for o tofal platinizing e of 20 minutes (~2 amn=min /alactrade) Tn
L.LJ.J.J.CD .LUJ. cd Lural HLG.LLllJ.bJ-.l.I.s Litliic UL e\ J..l.lJ-J.LLLbCD \ o a-.lJ.J.P .lJ.lJ..LL/ cLouLtL chl AEL
one example, the weight gain of a single electrode was determined to be

0. 065 gram.

The plastic air baffle was machined from polyvinylchloride with semi-
circular flutes 0. 040-inch deep, 8 per inch, in the air flow direction. The
flute design which formed the air flow channel was standardized and theo-
retical equations for estimating pressure drop for this design are given in
Appendix C. The ribs formed by the flutes in the plastic baffle served to
keep the platinum screen electrode in contact with the matrix. The particu-
lar design provided a minimum of a contact area with the electrode and did
not significantly reduce the effective vapor absorption or electrolysis area.
Thus, an improvement is believed to have been made over gas-channel de-
signs used in prior studies of the vapor cell.

Cell 3. Figure 4 shows the design of experimental Cell 3. This was
the first attempt at a new lightweight design which weighed about 0. 21 pound.
A ribbed plastic baffle was used both for the hydrogen and air channels and
the cell was contained in a plastic box to provide gas-port connections.

Internal sealing was found to be inadequate and pure hydrogen gas
could not be collected. However, this did not adversely affect the cell volt-
age and evaluation of platinized- platinum electrodes and matrix during
1000 hours of extended operation. Compared to Cell 2, the principal dif-
ference in the matrix used for Cell 3 was the addition of a 33-mil micro-
porous rubber separator.

* Throughout this report the terminology "85 percent H4PO,4" means an electrolyte containing 85 weight percent
of anhydrous phosphoric acid in an aqueous solution where the balance is 15 weight percent water.
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Several unsuccessful attempts were made to provide a gastight seal
for the cell design similar to Cell 3 (figure 4). The leakage problem was at
the corners of the box forming the gas ports rather than through the matrix.

Cell 4a. Cell 4a was a mock-up of a new experimental cell design
which was easier to seal and also reduced cell weight. The matrix and
cathode were combined in an integral unit sealed with silicone rubber.* The
previously used plastic ribbed baffle of the hydrogen chamber was replaced
by a 15-mil sheet of microporous Teflon™* positioned against the platinized-
platinum cathode. Hydrogen was removed through the Teflon which is not
''wet'' by phosphoric acid, After impregnation with 85 percent H3POy,, there
was no leakage with a suction of 12 inches of water at the hydrogen collection
burette. The platmlzed platinum anode and plastic ribbed baffle were added
need for an airticht seal of th

Arrmimeay ~2all acaarnhlsr with = a MAw
Vile W

~
ou.L.u.E AT N GDBGLLLULY YWALIL 1AWV LT VWU 1AVL Qll Gdd I-J-EJ.J.D S~

compartment.

With electrolysis at 33 amp/ft2, the theoretical amount of hydrogen
gas was collected and the cell voltage was 2. 6 volts (the same as that of
Cell 3 with a similar matrix and electrodes).

Cell 4b. Cell 4b (figure 5) was designed similar to Cell 4a and was
used for extended operational testing.

A principal difference from Cell 4a was the use of thinner and finer
mesh electrodes for both the anode and cathode (80-mesh, 3-mil wire,
platinized platinum). Since vapor absorption through the anode screen did
not appear to be the principal cause of high cell voltage, no difference in
voltage characteristics was expected and this has been verified by measure-
ment on Cell 4b. Actually, the 80-mesh screen with smaller wire size pro-
vides slightly more open area than the 45-mesh screen with larger wire.

Cell 4b was essentially a prototype of the cells constructed for the
laboratory model. The principal design change required was a relocation of
the hydrogen outlet to the side so that the cells could be stacked. The extra
piece of 20~mil microporous Teflon of larger pore size (3-35 microns) on the
hydrogen side as shown in figure 5 was also eliminated for the laboratory
model.

# A white, adhesive, flexible rubber sealant marketed in squeeze-tube form which was easy to use for hand
construction of cells. The silicone rubber air cures at room temperature and other similar products are avail-

able for molding, etc.
= MPT-87-1, 75,8 percent of pores are 3.9 microns' average, General Plastics Corporation, Bloomfield,

New Jersey.
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Laboratory Model

The laboratory model was a battery of 10 identical experimental cells
connected in series electrically. Figure 6 shows the detail of individual cell
design for the laboratory model with dimensions. The method of construc-
tion of a single experimental cell (not an end cell) in the battery is described
starting from the cathodic end of one cell.

The flat surface on one side of the air baffle provided the cover for the
hydrogen compartment of the adjacent cell. A small hole of about 0. 020-inch
diameter was drilled into one edge at a 45-degree angle to provide an outlet
for hydrogen. For the low hydrogen production rates of a single cell
(~8 cm?3 /min at 33 amp/ftz) a small hole was adequate. This was verified
for the first cell made in which the theoretical amount of hydrogen was col-
lected at 33 amp/ft2 without building up excessive pressures in the hydrogen
compartment. The test also showed that the hydrogen could be collected at
one edge by diffusion through the single 15-mil sheet of microporous Teflon.
The test was important because the cell construction is not rigid; a back
pressure of about 12 inches of water was inadvertently applied from the gas
collection burette and the matrix deformed when not supported by the air
baffle. To insure against an unusual back pressure on the hydrogen cham-
ber, the laboratory model was operated with a water manostat in the main
hydrogen-collection line to prevent hydrogen pressure in excess of about

1 inch of water.

The hydrogen gas diffused through the sheet of microporous Teflon
which served both as a hydrogen-gas channel and cathode support. Possibly
another function the microporous Teflon serves is to prevent loss of elec-
trolyte from the cathode side because of the nonwetting characteristics of

Teflon.

The cathodes and anodes of platinized-platinum (80-mesh, 3-mil wire)
were identical except for the location of attachment of current leads. Cal-
culations of the expected IR drop through the screen indicated the desirability
of introducing the current at at least two edges (diagonally opposite). The
current leads (intercell connectors) were 20-mil-diameter platinum, flat-
tened to about 5 mils for about 1/4 inch and spot welded to the screen. The
optimum intercell connectors to each electrode would have a total cross
section larger than two 5-mil wires but somewhat less than the readily avail-
able 20-mil wire (trade-off of weight versus IR drop) and should be as short
as possible. For the laboratory model, the intercell connectors were longer
for ease of attaching individual cell-voltage-measurement leads.

For assembly the following parts were stacked in order, centered, and
held in position with ""C'" clamps. Steel plate (1/4 by 2.0 by 2. 0 inches), air
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baffle with flutes facing steel, microporous Teflon sheet, cathode screen,
one sheet of asbestos, microporous rubber separator, and steel molding
plate. The molding plate (shown in position on the top cell of figure 6b) had
a 0.016-inch recess in a 0. 050-inch-wide band around the bottom leaving
dimensions of 2.0 by 2.0 inches. The edges of the cathode chamber and
matrix assembly were sealed with silicon rubber. A squeeze tube was ade- .
quate for forcing the silicone rubber into the recess to form a 0. 0l6-inch
lip over the microporous rubber. The silicon rubber was allowed to air
cure at room temperature overnight. The edges of the steel mold had pre-
viously been coated with a 2 percent Dreft solution to facilitate mold re-
lease. An injection molding fixture would have provided a neater job. For
manual sealing, an excess of silicone rubber was used to insure sealing of
hydrogen gas.

A small hypodermic needle tube was temporarily attached to the
hydrogen outlet and pierced a rubber tubing connected to a burette. Prior
to impregnation with acid, air was pulled through the matrix with a head of
about 12 inches of water to insure that the small hydrogen port was not
blocked.

The matrix was impregnated with 2.0 cm3 of 85 percent H3POy4 using
a graduated pipette. After about 3/4 of the acid had soaked into the micro-
porous rubber, the second asbestos sheet (anode side) was fitted into the
recess and the remaining acid added. After a few hours, the acid had
soaked into the asbestos which was just moist on the surface. A suction of
about 12 inches of water was maintained on the hydrogen outlet to show that
there was no matrix leak.

For final assembly of the battery, the anode screen was positioned and
held in place with the air baffle attached to the adjacent cell. The 10-cell
stack was held together with black adhesive tape wrapped tightly around the
unit with moderate hand pressure on the stack.

At this stage the laboratory model weighed 0. 33 pound, which is con-
sidered a representative figure for use in estimation (1. 2 1b/ft2 of electrode
area).

The intercell connectors were soldered together with lead wires pro-
vided for individual cell-voltage measurement. The exposed intercell con-
nector wires were coated with silicon rubber to avoid an inadvertent short
circuit of the cells during experimental testing. Figure 6a shows a photo-
graph of the laboratory model. For experimental evaluation, a PVC tube
was cemented along one side to collect the hydrogen from each cell, thermo-
couples were added, and a special Lucite fixture was used to minimize heat
loss and provide for air-flow measurement. (The additional components for
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experimental evaluation are shown in figure 7 which appears later in the
report).

Extended Operational Testing

Experimental Apparatus

Prior research studies had indicated the need for accurate control of
inlet air humidity and temperature for proper interpretation of results. A
special air-conditioning unit was used which can provide up to 140 £t3 /min of
recirculated air over a wide range of temperatures and humidities, with
temperature control of #1 F and absolute humidity control of £5 percent.
The conditioned air was recirculated through a 5-inch-diameter duct. The
electrolysis cells were placed in the duct and a suction pump was used to
draw air through the cells and a rotameter at a controlled rate.

In general, the degree of control of inlet air properties was adequate
for research studies when the unit was functioning properly. However, dur-
ing extended continuous operation there were several equipment failures
(blown fuses, thyratron-tube failures, etc.) that adversely affected the elec-
trolysis cells by subjecting them to abnormal humidity conditions. In gen-
eral, the operation of the electrolysis cells for 1000 hours was far more
reliable than the air conditioning equipment. Prior to evaluation of the lab-
oratory model a special protective circuit was designed to protect the elec-
trolysis unit which was operated at constant voltage. Abnormally high or
low current values tripped microswitches attached to the current recorder
which in turn shut off the air conditioner, vacuum pump, and rectifier that
supplied direct current to the electrolysis cell.

For extended operational testing of single experimental cells, the
nominal conditions are listed below with the degree of control that could be
maintained.

Inlet Air Temperature 85+ F

Inlet Humidity 0.0130 % 0. 0008 1b H,0/1b DA
(48-56% RH))

Relative Air Flow, n 4.0 = 0.5%

Current Density 32.8+0.7 amp/ftz.

*See Appendix C for definition of n.
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In general, the steady-state cell voltages were within 0, 05 volt with a few
excursions to +£0, 1 volt when control conditions were not maintained. With
control close to the nominal values the cell voltage was £0. 02 volt.

The laboratory model unit was evaluated at the same inlet air tem-
perature and humidity but at several battery voltage levels to achieve cur-
rent densities in the range of 15-25 amp/ft“ and with higher relative air flow
through the cells (n = 6 to 8).

The choice of inlet air temperature and humidity which was made at
the beginning of the project was somewhat arbitrary since it was originally
planned to investigate various combinations of inlet humidity from 0. 010-
0.018 1b HZO/lb DA and inlet temperature from 70-120 F. The values of
85 F and 0.013 1b H,O /1b DA were selected as nominal intermediate values.
The nominal values do not represent a typical cabin air but provided repre-
sentative conditions for evaluation of the vapor cell as discussed in later
sections of this report.

The manner in which the experimental cells and laboratory model were
tested is pertinent to interpretation of the operating performance. Figure 7
shows schematically how the cells were positioned in the 5-inch duct and
also the attachment to the cell air outlet for drawing air through the cells at
a controlled rate. As shown in figure 7b, the single experimental cells were
not insulated. The air flow in the large duct was turbulent (although the air
flow through the cells was laminar) and at 85 F. It is estimated that 90 per-
cent of the heat generated within the cell left the cell by convective cooling
of the exposed outer surfaces of the cell; only about 10 percent of the heat
was added to the air stream passing through the cell. Thus, for single ex-
perimental cells the electrolyte/matrix were operated at relatively low
temperatures (~90 F).

Figure 7a shows the box made of 3/8-inch-thick Lucite that enclosed
the laboratory model battery of cells. The box served as an attachment so
that air could be drawn through the cells at a controlled rate and also pro-
vided sufficient insulation so that the convective heat loss was minimized.
Over 90 percent of the heat generated in the cell was transferred to the air
stream flowing through the cell so that investigation of high matrix/
_electrolyte temperatures was pos sible.

Gas Purity

Air Stream. No analysis of the air stream was made during this
study. The air supply to the air-conditioning unit operating at ambient
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atmospheric pressure was obtained from the normal laboratory air (auto-
matically in proportion to the air drawn from the system throuah the cells
and exhausted back to the laboratory by the suction pump). Most likely the
air contained the normal amount of carbon dioxide expected inside a normal
air-conditioned room. Possibly, the air contained many other trace con-
taminants associated with a chemical laboratory atmosphere. There were
no indications that the inlet air composition (other than water content) had
any effect on performance of the vapor cell.

No attempt was made to analyze the outlet air from the vapor cell for
hydrogen because of the large proportion of air to hydrogen Accounting for

+lhna hyrdrAacoan coonarat+ad aﬁnnvﬂ1nn to A rar:laxr'e 19“1 1:: a mA faswlxr
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accurate procedure compared to analyzing the air stream for hydrogen. For
example, with a typical experimental cell, if one percent of the hydrogen

were not accounted for, this would be about 0.07 cm 3 /min. Assuming the

Lvdragan laalkkad intea +1..A air atranm (1200 crnd/rmin) haraitae of a defactiva
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matrix or sealing, the hydrogen would be diluted to about 0. 005 percent.
The latter accuracy was sufficient for the present study. More detailed
study of the cumulative effect of impurities added to the air passing through
the vapor cell would require a completely closed air loop and such an in-
vestigation was beyond the scope of the present study.

Hydrogen Collection

The primary purpose of hydrogen collection was to determine the
actual rate of evolution for comparison with the theoretical rate. A value of
99+ percent of the theoretical hydrogen rate was the criteria of acceptable
cell sealing and also of an effective matrix that prevented cross leak of gas.

Hydrogen gas was collected over water in a burrette and the time to
collect a 100-cm3 sample was compared with the theoretical rate (6. 97 cm3
H,/amp-min at STP) corrected for temperature, pressure, and water vapor.
The temperature (t, F) is the temperature of the water-jacketed burrette
and the pressure (P) is the actual barometric pressure. [ While the proce-
dure of gas collection involves a suction of about 12 inches of water at the
start, the gas pressure is atmospheric (with a leveling bulb) when the time
measurement is made for 100 cm? collected.] The hydrogen gas collected
over water is assumed to be saturated with water vapor (vapor pressure, p)
at the gas collection temperature (t). The percentage of the theoretical rate
is calculated as follows for the current (I):
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~_ cm3/min (100)
460 + t 760
697 < wr) (77%)
Since the hydrogen was collected under a slight negative pressure, too
great a rate was a definite indication of leakage of air into the hydrogen
stream. When about the right rate of hydrogen was obtained, the gas was

analyzed as a double-check and the results always indicated 97. 7+ percent
hydrogen which is the limit of accuracy of the catalytic-burner-type analyzer

= % of theoretical

used.

EXPERIMENTAL DATA AND RESULTS

Voltage-Analysis Results

Measurement of Ohmic Polarization With
a Free Electrolyte

The ability of the current-interruption method to show changes in
ohmic polarization (ETD) with current density was demonstrated using a cell
without a matrix (Cell VA- 1). The total cell ohmic polarization values were
obtained from photographs of oscilloscope traces after current interruption

and are given in table 1.

TABLE 1. COMPARISON OF OHMIC POLARIZATION FROM
OSCILLOSCOPE TRACES WITH CALCULATED
OHMIC POLARIZATION FROM CONDUCTIVITY DATA

Cell Current Cell Ohmic Polarization, Ejg
Current, Density, Voltage, Oscilloscope Tracel2}, Calculat (b},
amp amp/sq ft volts volts volts
0.140 20 3.18 0.53 0.53
0. 280 40 3.80 1.13 1. 05
0. 420 60 4, 35 1.53 1.57

(a) The ohmic-polarization values for the cell were determined from photographs of the oscilloscope traces
after current interruption and were picked up within about 5-7 microseconds. Ring-back effects at shorter
times clouded the traces, making it difficult to obtain good data within times such as 1-2 microseconds.
The ohmic polarization was considered to be the almost instantaneous change between the closed circuit
voltage and the open-circuit voltage.

(b) The values were calculated using a specific conductivity value of 0,105 ohm
solution at 80 F (ref. 5) for a 1-inch anode-to-cathode spacing in Cell VA -1,

“Iem-L for 85 percent Hg PO,
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The ohmic polarization values varied linearly with current densities of
20 to 60 amperes/sq ft as predicted by equation 3. There was also good
agreement of the oscilloscope ohmic-polarization values with the IR~
polarization values calculated using conductivity data. The results given in
table 1 indicate the suitability of the current-interruption technique to mea-
sure ohmic polarization, and show that cell resistance is virtually all within
the electrolyte between the electrodes.

The experiments with the small glass cell were also used to observe
the gassing action at the two electrodes in the 85 percent H3PO, solution.
The gassing action at the anode appeared more pronounced than at the cath-
ode, even though twice the volume of gas was formed at the cathode. The
size of the bubbles formed at the anode were considerably smaller (about
1/4-1/3 the size) than those formed at the cathode.

Voltage Analysis of Matrix-Type Cells

Following the ohmic-polarization studies with Cell VA-1 with free
electrolyte, Cells VA-2a and VA-2b with microporous rubber matrixes, im-
pregnated with 85 percent H3PO, solution were assembled for use in carry-
ing out complete cell-voltage-analysis studies. The main objective of these
studies was to further check out the suitability of the current-interruption
method for voltage analysis of the water~vapor electrolysis cell.

Identification of Polarization Components. The polarization-decay
curves for Cells VA-2a and VA-2b operating with plain-platinum and
platinized-platinum electrodes are presented in figures 8 and 9,
respectively.

Figure 8 shows that a curve with two different slopes was obtained
from the oscilloscope-trace data for the anode versus reference electrode
on the plot of potential versus log of time after current interruption. One
slope was observed over the range of 1 to 100 microseconds [10'6 to
10-4 second] i.e., activation polarization); a different slope was noted in
the range of 100 microseconds to 0.5 second (i. e., concentration polariza-
tion)., The curve (bottom of figure 8) for the cathode versus reference elec-
trode also shows two slopes; one slope covers the range from 1 to 250 mi-
croseconds (i. e., activation polarization) and the other from 250
microseconds to 5 seconds (i. e., concentration polarization). The magni-
tude of the various individual polarization components is shown graphically
in figures 8 and 9. The cell-voltage analysis data and results from figures 8
and 9 are summarized in table 2.

38



pdrogen referance slecirade

|

2
8
L

»
-

J

L8 v

[ X2

\M wrnm Rydrogen referaned sieeiade

wt wt w ' »'
Tuma, sesends .

l
i
|
N

FIGURE 8. POLARIZATION-DECAY CURVES FOR MATRIX CELL (VA-2a) WITH PLAIN-PLATINUM ELECTRODES

Cell Data:
Platinum electrodes (45-mesh, 0.0078-inch-diam wire)
Microporous rubber matrix (one sheet of 0, 033-inch thickness)
Current density of 40 amp/sq ft
Area of 0, B square inch
Electrolyte 85 percent HyPO,
No air circulation
Autogenous hydrogen reference electrode potential plotted as zero,
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FIGURE 9. POLARIZATION-DECAY CURVES FOR MATRIX CELL (VA -2b) WITH PLATINIZED-
PLATINUM ELECTRODES

Cell Data:
Platinized -platinum electrodes (45-mesh, 0.00780-inch-diam wire)
Microporous rubber matrix (two sheets of 0, 033-inch thickness)
Gurrent density of 51 amp/sq ft
Area of 0.8 square inch
Electrolyte 85 percent H3PO,
No air circulation
Autogenous hydrogen reference electrode potential plotted as zero.
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TABLE 2. VOLTAGE-ANALYSIS RESULTS FOR VAPOR CELLS(a:b)

"Electrode Cell

Plain-Platinum  Platinized-Platinum
Electrode Cell

Item (Seq Figure 8) (See Figure 9)

Cell Designation VA-2a Va-2b

Current Density, amp/sq ft 40 51

Number of Matrixes in Cell 1 2

Total Cell Voltage, volts 2,95 3.20

Potential Anode Versus Autogenous 2.170 2. 55
Hydrogen Electrode, volts

Potential Cathode Versus Autogenous 0.17 0. 69
Hydrogen Electrode, volts

E,, Theoretical Cell Decomposition 1.23 1.23
Voltage, volts

E. a’ Anode Activation Polarization, 0.15 0.03
volts .

E Anode Concentration Polarization, 1.15 1.14
volts

Eca’ Cathode Activation Polarization, 0.13 0. 00
volts

E.c> Cathode Concentration 0.10 0.17
Polarization, volts

EI , Total Cell Ohmic Polarization, 0. 30 0.62
volts

Summation of Individual Voltage 3.06 3.19

Components, volts

(a) See Figures 8 and 9 for more details on cell data. It should be especially noted that the cell with the
platinized-platinum electrodes was operated at a higher cuirent density and also that the matrix thickness
(0. 066 inch) was twice that of the cell with the plain-platinum electrodes.

(b) Slight changes of about +0. 05 v in cell voltage occurred during the course of making the voltage -analysis
runs; these changes were not large enough to affect the overall cell analysis significantly.
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Although the data from figures 8 and 9 are not directly comparable be-
cause of differences in matrix thickness and current density of operation,
they do provide useful information on cell performance. The use of
platinized-platinum electrodes (figure 9) greatly reduced the anode activation
polarization (E__ = 0. 03 volt) from that of the cell operating with plain plati-
num electrodes (E__, = 0. 15 volt). The cathode activation overvoltage was
eliminated by use of the platinized-platinum electrode (see figures 8 and 9
and also table 2).

The lowering of the activation polarization at both electrodes by use of
platinized electrodes was as expected. Thus, a total cell-voltage lowering
of about 0. 2 to 0. 3 volt (at about 40-50 amp/sq ft current density) should be
expected by the use of platinized-platinum electrodes as opposed to plain-
platinum electrodes. For this reason, platinized-platinum electrodes were
the preferred electrode material for use in the experimental laboratory and
prototype cells. Data on the durability and effectiveness of the platinized-
platinum screen material on prolonged usage are discussed later.

From figures 8 and 9, and table 2, it is readily apparent that anode
(oxygen) concentration polarization (E__.) constitutes the major component of
the overall cell voltage. The values of E_ . for the cells of figures 8 and 9
were 1.15 and 1. 14 volts, respectively; while the values of E,, were 0. 10
and 0. 17 volt, respectively. From these data, it would appear that condi-
tions surrounding the anode are the cause of most of the cell polarization.

Platinizing the electrodes (which provides a large true surface area
and lower true current density) did not decrease the voltage components
identified as concentration polarization. Thus, the concentration polariza-
tion is related to the geometric electrode area and varies with geometric
current density as will be shown later by current/voltage curves. This
might be expected for mass transfer (to or away from the electrode) through
a diffusion film acting over a finite distance from the electrode surface.
Thus, the results of platinizing appeared to be consistent with the effects
expected for activation polatization and concentration polarization and sup-
ported the belief that the current-interruption technique was correctly iden-
tifying the cell voltage components.

The total cell ohmic resistance, E;p (see table 2), as determined by
the current-interruption method for the cell with a single matrix thickness
(0. 033 inch) operated at 40 amp/sq ft was 0. 30 volt. For the other cell with
twice the matrix thickness, the Ejp value was 0. 62 volt for a current density
of 51 amp/sq ft. These values compare well with one another, and indicate
that the resistance appears to be primarily in the matrix rather than at the
matrix-electrode interface. Comparison of these Ejp polarization values
with those obtained for the liquid electrolyte cell (see table 1) indicates that
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the matrix contributes greatly to Ejg voltage loss. For example at a cur-
rent density of 40 amp/sq ft the Ejg values per mil are as follows:

1.13 v

Free-liquid cell (VA-1): —————— = 0. 0011 volt/mil
1000 mils
. 0.30 v .
Matrix cell (VA-2a or VA-2b);: —— = 0. 0091 volt/mil
33 mils

Thus, for comparable electrolyte-space thicknesses, the presence of the
microporous rubber matrix causes about an eightfold increase in Ejg polar-
ization values. Accordingly, work on thinner or better matrix materials
might possibly result in elimination of about 20 to 70 percent of EfR
polarization.

Free-Liquid and Liquid-Matrix Cell
Experiments and Results

Continued research on the cause of the high anode-concentration polar-
ization was carried out in beaker-scale experiments using free-liquid-type
cells, where some of the complex factors existing in an operating vapor cell
could be eliminated. This work was directed toward establishing:

(1) whether the anode-concentration polarization is characteristic of a free
electrolyte of relatively concentrated acid (i. e., 85 percent H3POy,),

(2) whether airflow and water-absorption characteristics of the matrix are
important factors that cause the relatively high voltage in the vapor cell,
and (3) whether gas intermixing was affecting the cell-voltage components
observed in operating Cells 2 and 3.

Liquid-Matrix Cell. To simulate a cell with gas evolved to a gas
phase, and one in which gas intermixing was prevented, the liquid-matrix
cell assembly (VA-3) shown earlier in figure 3 was used. Electrolysis was
carried out in 85 percent H3PO, solution at 85-90 F. The current-
interruption method of voltage analysis was used. Data and results of these
studies are given in table 3 and were compared with similar results for
operating experimental Cells 2 and 3 (shown later in table 6).

Voltage-analysis results of table 3 indicated a high anode-concentration
polarization (E . = 1. 09 volts at 33 amp/sq ft) similar to that of the operat-
ing vapor cells (i.e., Cells 2 and 3). Values of cathode-concentration polar-
ization (E_..), anode-activation polarization (E,;), and cathode activation
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TABLE 3. VOLTAGE ANALYSES FOR FREE LIQUID AND LIQUID/MATRIX CELLS

— e

Liquid/Matrix Cell

Free-Liquid Cell

Individual- Individual-
Electrode Total- Electrode Total-
Cell Cell Cell Cell
Item Analysis Analysis Analysis Analysis
Average Current Density, amp/sq ft 33 33 33 33
Total Cell Voltage, volts 3.41 3.42 3.14 3.18
Potential Anode Versus Autogenous Hydrogen Electrode, volts 2.90 -- 2.83 --
Potential Cathode Versus Autogenous Hydrogen Electrode, volt 0.51 -- 0.30 --
E,, Theoretical Cell-Decomposition Voltage, volts 1.23 1.23 1.23 1.23
E,., Anode-Activation Polarization, volt 0.04 -- 0.05 --
E,., Anode-Concentration Polarization, volt 1.09 - 1.18 --
E.,, Cathode~Activation Polarization, volt 0. 00 -- 0. 00 --
E_c, Cathode-Concentration Polarization, volt 0.07 -- 0. 06 --
ER, Total-Cell Ohmic Polarization, volt(c) 0.95 0.95 0.67 0.67
Ei,, Total-Cell Activation Polarization, volt E,,tE., E,tE.,
0.04 0.05 0.05 0.04
Etc’ Total-Cell Concentration Polarization, volt E o + Ecc Eac + Eq¢
1. 16 1.18 1.24 1.25

(a) See text of report for cell details and operating conditions,

(b) Slight changes of about £0,03 v in cell voltage occurred during the course of making the voltage=-analysis runs; these changes were not large enough to affect the overall

cell analysis significantly,

(c) The Ep, polarization values are characteristic of the geomeuy of the experimental cells used,



(E.,) were small and generally similar in magnitude to the values observed
for operating vapor cells. These results also showed that gas intermixing
was not affecting the cell voltages being observed in the operating cells (2
and 3).

When electrolysis was first carried out in the apparatus shown in fig-
ure 3, with only a platinized-platinum screen electrode and no matrix,
severe gas polarization occurred. As electrolysis progressed gas blocking
on the electrolyte side of the screen increased in magnitude, so that within
about 10 minutes, the cell voltage rose from about 3.5 volts to 15-18 volts
at 33 amp/sq ft (based on original electrode-screen area). Thus, the matrix
appears to have a very important function in gas discharge at a screen elec-
trode that was not fully appreciated earlier.

Free-Liquid Cell. Further voltage-analysis studies were carried out
in a free-liquid cell (VA-1la). Platinum-sheet electrodes (platinized on one
side and insulated on the back side; electrolysis area 1 by 1 inch; faced each
other 1 inch apart) were immersed in a free electrolyte of 85 percent H3POy
(85-90 F). Again, the anode concentration polarization was high (E, =
1. 18 volts at 33 amp/sq ft). Cell-voltage breakdowns on both the individual-
electrode, and total-cell basis are given in table 3. The magnitude of the
various voltage-polarization components were similar to those of the two
operating vapor cells, 2 and 3. The important result was that the concen-
tration polarization was not lower with a free~electrolyte of 85 percent
H3PO, than observed with the vapor cells. The fact that the concentration
polarization was actually lower in Cells 2 and 3 meant that the steady-state
temperature of the electrolyte was higher or the steady-state electrolyte
concentration lower in the operating vapor cells than used for the beaker-

scale experiments.

Tergitol 08%, an anionic-type wetting agent stable in phosphoric acid,
was added to the free-liquid cell in concentrations ranging from 0. 01 to
0.1 g/1 (which is the recommended concentration range for plating opera-
tions) to observe whether the surfactant effect would lower cell voltage. Al-
though the gas bubbles at both electrodes appeared slightly smaller, there
was no effect on total cell voltage. Increasing the Tergitol concentration to
17 g/1 in the electrolyte had no significant effect on cell voltage; foaming
was greater at the higher wetting-agent concentration. Thus, no beneficial
lowering of cell-voltage was observed.

The conclusion from the results of the above experiments with the
free-liquid cells, is that high anode-concentration polarization is

*Sodium 2-ethylhexyl sulfate; Union Carbide Corporation,
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characteristic of electrolysis of concentrated phosphoric acid. This was an
important item to establish, because research on air flow, huinidity, vapor-
absorption characteristics, etc., could have no significant effect on reducing
anode-concentration polarization below that characteristic of the steady-
state electrolyte concentration in the matrix of a vapor cell (probably be-
tween 65 and 85 percent H3PO,). Thus future research to further identify
and reduce anode concentration polarization could be carried out in beaker-
scale experiments using cells with a free electrolyte at a known concentra-
tion and temperature,.

Effects of Phosphoric Acid Concentration

and Temperature on Cell Voltage

A knowledge of the magnitude of the change in concentration polariza-
tion that could be achieved by variations in temperature and concentration
of the phosphoric acid electrolyte is important for analyzing the factors con-
tributing to the vapor-cell voltage. The fact that useful data on concentra-
tion polarization can be obtained in free-liquid cells was established and re-
ported earlier. The earlier work had been done using the current-
interruption method of voltage analysis, whereas the results reported herein
were obtained using the current/voltage-curve technique.

Increasing the temperature and decreasing the phosphoric acid con-~
centration in the range from 96 to 25% H3PO4 lowered cell voltage. The
magnitude of the changes is shown in table 4. The constants for the cell-
voltage equations are also given in table 4. The values of the constant "a"
(which do not include any IR effect characteristic of free-liquid cell geom-
etry) are especially indicative of the effect of temperature and electrolyte
concentration on concentration polarization.

Overvoltage (Eoy) data for a current density of 32.8 ASF are presented
at the right of table 4. See footnote (d) for details of the calculations of the
Eqyy values. The E_ value consists of the E;, (total-cell activation polar-
ization) and the Eqc (total-cell concentration polarization). From earlier
voltage-analysis work with platinized-platinum electrodes in phosphoric acid
solutions, E;, amounts to about 5 percent of the E,, while E,  accounts for
the remaining 95 percent.

From these studies it is evident that even by big changes in acid con-
centration [i.e., from 96 to 62.5 percent H3PO, (which constitutes most of
the range for a workable vapor cell)] the concentration polarization cannot
be markedly reduced. Lowering by about 0. 20 volt in concentration polar-
ization can be achieved by use of a 62. 5% H3PO, solution as opposed to a
96% H3PO,4 solution at comparable temperatures. The concentration
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TABLE 4, EFFECT OF PHOSPHORIC ACID CONCENTRATION AND TEMPERATURE ON CELL VOLTAGE(®)

Constants for

Overvoltage Values at

Phosphoric Acid Cell Voltage(?), volts Equation(€) 32.8 ASF(d, ©),
Concentration(bP), Temperature, 27.0 ASF 10 ASF 1 ASF E=a+blogi+ci Eov = E32. 8 AsF - EIR “Eo

wt percent F Eq 52 E 3 a b c volts
96 87 2,861 2.443 2. 060 2.041 0.209 0.0193 1.07

102 2,731 2.370 2,022 2.006 0.203 0.0161 1,05

121 2.570 2.301 1.999 1.989 0.207 0.01086 1.01

85 86 2.641 2.318 1.977 1.963 0.216 0.0139 1.06

117 2,434 2,185 1.957 1.946 0.125 0.0114 0. 98

62.5 85 2.239 2.081 1,874 1. 869 0.159 0.0053 0.85

104 2.194 2. 052 1. 849 1.845 0.165 0.0042 0. 83

121 2.160 2. 034 1,803 1.801 0.213 0. 0020 0.82

145 2.107 1.979 1.745 1. 743 0.215 0.0021 0.178

25 85 2,187 2,004 1.785 1.779 0.159 0.0067 0.75

102 2,173 1.983 1,750 1,743 0,172 0,0068 0.175

127 2.119 1,939 1.744 1,137 0.128 0.0074 0.75

(a) Data were obtained in a small rectangular free-~liquid cell (VA-1b). Platinized-platinum sheet electrodes, positioned in Teflon picture-type
frames so as to present a 1 by 1-inch area were used. The electrodes were spaced 0.5 inch apart. Values were obtained during decreasing

current (<i) half of the current/voltage cycle.

(b) The concentrations are expressed as weight percent of anhydrous orthophosphoric acid (HgPO,) in an aqueous solution, where the balance is

weight percent water.

(c) For details and a discussion of the current/voltage technique and the derivation of equations see report text. The equations used for this work

(where E, measured at 27 ASF) were:

Ey

+ 0,431 Eq+ 1.431 E,

Cc=

a=E3-c

b=E2-10c-a.

13.12

(d) The overvoltage values (E ) were calculated using either a measured or extrapolated (from current/voltage curve) value of E at 32. 8 ASF
(whichis the current density at which the vapor cells have been run), and subtacting Ejp (ohmic polarization) and E (theoretical decomposi-

tion voltage) value of 1.23 volts,

(e) The EIR values were calculated using specific conductance values from ref. 4.



polarization for the 62.5 to 96% H3PO4 solutions ranged from about 0.8 to
1. 0 volt, which is a significant amount of the total cell voltage. The con-
centration polarization is still high (i.e., 0.7 volt) even with the relatively
dilute 25% H3PO,4 solution. Thus, high concentration polarization appears
to be characteristic of phosphoric acid solutions and possibly acid solutions
in general.

Effects of Sulfuric Acid Concentration
and Temperature on Cell Voltage

The effects of variations in phosphoric acid concentration and tem-
perature were described above. To check whether the relatively high over-
voltage values encountered with the vapor cell were characteristic of phos-
phoric acid solutions in particular or of acids in general, current/voltage
data were obtained on sulfuric acid electrolytes using a free-liquid cell.
Relatively concentrated sulfuric acid solutions were selected to cover a
range (50-77 percent H>SO4) that might be considered for a vapor cell. In-
creasing the temperature and decreasing the sulfuric acid concentration
lowered cell voltage. The magnitude of the changes is shown in table 5.
The constants for the cell-voltage equation are also given.

A comparison of the overvoltage (Eov) data for sulfuric acid electro-
lytes (table 5) with that for phosphoric acid electrolytes (table 4) indicates
that only about a 0.1 volt lowering might be achieved with the sulfuric acid
electrolytes. The overvoltage values ranged from about 0. 7 to 0. 9 for the
sulfuric acid solutions as opposed to values of 0.8 to 1. 0 volt for phosphoric
acid solutions for comparable acid-concentration ranges. The above results
taken in conjunction with the phosphoric acid results indicate that high over-
voltages (mostly concentration polarization) are probably characteristic of
acid solutions in general which have a sufficiently low equilibrium water
vapor pressure for operation on cabin air.

Extended Operational Testing Results

Electrochemical Reliability

Several experimental cells were operated continuously for over
1000 hours or more to determine if there was any deterioration in per-
formance with time that would adversely affect operational reliability.
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TABLE 5. EFFECT OF SULFURIC ACID CONCENTRATION AND TEMPERATURE ON CELL VOLTAGE(®)

Constants for

Overvoltage Values at

Sulfuric Acid Cell Volgage(2), volts Equation() 32. 8 AsF(d, €)
. (b o . _
Concentration( ), Temperature, 27.0 ASF 10 ASF 1 ASF E=a+blogi+ci Eyy = E32_ 8 ASF ~ EIR - Eo’
wt percent F Eq Eg E, a b c volts
7 84 2,403 2.210 1.858 1,855 0.325 0.0030 0.93
102 2.322 2.154 1.806 1.804 0,335 0.0015 0.86
130 2,259 2.105 1.760 1.760 0.343 0, 0002 0.73
50 85 2.134 2,021 1.827 1,826 0.173 0.0023 0.85
102 2.093 1.990 1.802 1.801 0.179 0, 0009 0.82
122 2.062 1.956 1,169 1,767 0.171 0,0018 0.79
145 1.987 1.890 1.705 1,704 0.172 0.0014 0.73
(a) Data were obtained in a small rectangular free-liquid cell (VA-1b). Platinized-platinum sheet electrodes, positioned in Teflon picture-type

(b)

(c)

(d)

(e)

frames so as to present a 1 by 1-inch area were used. The electrodes were spaced 0.5 inch apart. Values were obtained during decreasing

current (< i) half of the current/voltage cycle.

The concentrations are expressed as weight percent of anhydrous sulfuric acid (H9SO,) in an aqueous solution, where the balance is weight -

percent water.

For details and a discussion of the current/voltage technique and the derivation of equations see report text. The equations used for this work
(where E, measured at 27 ASF) were:

_ E{+0.431E4 + 1.431 Eg

c=

13.12

a=E3-c

b=E,

-10c - a.

The overvoltage values (Eo v) were calculated using either a measured or extrapolated (from current/voltage curve) value of E at 32,8 ASF
(which is the current density at which the vapor cells have been run), and subtracting E;p (ohmic polarization) and E | (theoretical decomposi-

tion voltage) value of 1.23 volts.

The Epp values were calculated using specific conductance values derived from data given in (ref. 6) and correcting the data for temperature by
use of the specific conductance - temperature equation: K =Kyg [1+ b (t-18)); a value of 0. 013 was used for b (ref. 7).



Considering the experimental nature of the program, the duration of
operational performance obtained with the experimental cells is considered
a new and significant result:

Experimental Cell 2 1300 hours
Experimental Cell 3 1100 hours
Experimental Cell 4b- 1380 hours

Laboratory Model . 342 hours (through report
period and test continuing)

In each instance, the test of an experimental cell achieved the arbitrary
selected goal of 1000 hours and the test was terminated by failure of the
experimental equipment to maintain normal test conditions rather than fail-
ure of the cell components. The laboratory model test is continuing and the
fact that the first ten "experimental cells' fabricated for the laboratory
model all operated for over 300 hours is considered another indication of
reliability.,

The positive indications of electrochemical reliability are emphasized
first so as not to be obscured by the more detailed discussion of areas in
which there was not completely satisfactory cell performance.

The important criteria of satisfactory performance were:

(1) Ability to achieve and maintain steady-state operation
with respect to water vapor absorption and electrolysis
without '""flooding'' or appreciable loss of electrolyte by
entrainment in the air stream

(2) Voltage stability at constant current density and constant
input air properties (humidity, temperature, air flow
rate)

(3) Stability of platinized-platinum electrodes and matrix
at the steady-state conditions of electrolyte concentra-
tion and temperature

(4) Ability of matrix to prevent intermixing of hydrogen and
oxygen for the steady-state electrolyte concentration.
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Voltage-Analysis Results for Cells 2,
3, and 4b
=

Current-Interruption Method. Total cell-voltage analyses using the

current-interruption technique were made on Cells 2 and 3 early (at 300 and
100 hours, respectively) in their steady-state operating periods and after
extended operation (1100 and 910 hours, respectively). No significant
changes in the voltage-analysis pattern were observed after about an 800~
hour interval with either cell. The results indicated good performance of

the cells, and good stability of the electrodes and matrix materials for ex-

2
tamded ca
v a C<c

Total cell voltage (anode versus cathode) analyses were used to check
cell performance since they do not require use of a reference electrode.

The total cell voltage breakdowns, taken from the polarization-decay curves,
are given in table 6. The general pattern of the total polarization curves for
both cells were similar to that shown for the anode-versus-reference elec-
trode in figure 9. Voltage analysis data for Cell 4b at 960 hours are also

given in table 6.

Concentration Polarization. The voltage~analysis results (see table 6)
verify that, in operating cells under steady-state conditions, the concentra-
tion polarization is the major component of cell overvoltage. Prior voltage
analyses have shown that most of the concentration polarization is at the
anode. The total concentration polarization (E;.) values for the three cells
were 0. 98 = 0. 03 volt.

Activation Polarization. The total cell activation voltage (E;;) is small
for platinized-platinum electrodes in vapor cells (mostly at the anode). The
E., values were 0. 04 volt for Cells 2 and 3 after prolonged operation; this
corresponds to a small rise of 0. 01 and 0. 02 volt for Cells 2 and 3, respec-
tively, after an interval of about 800 hours between the times at which cell-
voltage analyses were made. These results are indicative of the good sta-
bility of the platinized-platinum electrodes for effectively minimizing the
activation polarization for 900-1100 hours or more of cell operation.

Ohmic Polarization. The difference in ohmic polarization between
Cell 2 and Cells 3 or 4b relates to the difference in matrix thickness. The
ohmic polarization measurements included some IR drop in the cell leads as
indicated in footnotes (d) and (e) of table 6.
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TABLE 6. TOTAL CELL-VOLTAGE ANALYSIS DURING STEADY-STATE OPERA TION
NEAR START AND END OF EXTENDED RUNs(2,b,¢)

Cell 2 Cell 3 Cell 4b
at at at
Item 300 Hr 1100 Hr 100 Hr 910 Hr 960 Hr
Current Density, amp/sq ft 33 33 33 33 33
Time in Operation, hours 300 1100 100 910 960
Total Cell Voltage, volts 2.38 2.40 2.60 2.57 2.63
E,, Theoretical Cell-Decomposition 1.23 1.23 1.23 1.23 1.23
Voltage, volts _
E;,, Total Cell-Activation Polarization, 0.02 0.04 0.03 0.04 0.05
volt
E{c, Total Cell-Concentration 0.97 0.98 0.99 0.95 1.01
Polarization, volt
Eg, Total Cell Ohmic Polarization, 0. 16(d) 0. 15(d) 0. 35(d) 0. 35(d) 0. 34(e)
volt
Matrix Thickness, mils 20 20 53 53 53

(a) Current~-interruption technique was used.

(b) See text of report for cell details and other operating conditions.
(c) Slight changes of about +0. 02 volt in cell voltage occurred during the course of making the voltage-analysis run; these changes were not enough

to affect the overall cell analysis significantly.

(d) These values include some IR drop in the cell leads; see also footnote (€).

(e) This value includes 0. 13 volt of IR drop in cell leads.



Current-Voltage Method. Table 7 shows the voltage characteristics of
experimental cells as obtained from current/voltage curves during extended
operational tests. In general, the voltage characteristics were similar as
might be expected because of the similarity of the electrodes/matrix com-
bination and the uniform testing conditions.

Figure 10 shows the voltage characteristics of Cell 3 at 1074 hours.
More data points than usual for a current/voltage curve were used to prove
by trial and error that there was a value of Eyg for which E' = E - Ep is a
straight line (dashed line in figure 10). Approximate values of the polariza-
tion components at 33 amp/ft2 are illustrated in figure 10.

The data for Cell 4b (table 7) is considered the more accurate and
representative of experimental vapor cell operation based on selected data
which excludes mechanical cell problems [footnote (b), table 7] and includes
correction for IR loss in the leads [footnote (c), table 7].

Experimental Cell Performance

The detailed discussion of performance of each experimental cell does
not appear needed herein in the light of the more recent results with the
laboratory model unit presented later in this report. Only the essential re-
sults which contribute to the overall understanding of vapor cell operation
are summarized for each experimental cell.

Cell 1. This special cell unit (16 in. %) available from prior NASA
studies was evaluated first in the hope of providing a base line and tie-in
with prior studies. Unfortunately, the large amount of acid used (by initial
impregnation of the matrix with 96 percent H3PO,) proved to be excessive
for the operating conditions.

Extreme flooding of the cell occurred with loss of electrolyte from the
matrix; some of the electrolyte was found in the air outlet lines. The initial
cell voltage was 2. 65 £ 0. 05 volts but increased to a value of 3.2 + 0. 2 volts.
The run was terminated after 23 hours because the performance and cell
voltage was not representative.

The problem of initial acid impregnation in relating to '"flooding' is
discussed further in Appendix B. Prior studies had indicated a value 24.7 g
P205/in. 3 of matrix volume for initial impregnation; even the reduced value
of 15.3 g P205/in. 3 actually used for Cell 1 proved to be too much. A value
0of 9.5 to 10 g PZOS/in. 3 was used for Cells 3 and 4b with no external
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TABLE 7. VOLTAGE CHARACTERISTICS OF EXPERIMENTAL CELLS
AS OBTAINED FROM CURRENT/VOLTAGE CURVES AND
EXPRESSED AS A CELL-VOLTAGE EQUATION(2)

- ] Cell Voltage, volts Constants for
Operational 32.8 ASF 10 ASF 1 ASF E=a+blogi+tci
Cell Hours El EZ E3 a b c
2 762 2. 420 2.190 1.960 1.954 0.176 0.0060
1100 2. 365 2.175 1.960 1.956 0.178 0.0041

3 500 2.580 2.228 1.968 1.957 0.157 0.0114

900 2.590 2.262 2.035 2.024 0.126 0.0112
1074 2. 600 2.301 2.027 2.018 0.196 0.0087

4p(b,c) 1 2. 458 2.118 1.876 1.865 0.139 0.0114
287 2. 462 2. 180 1.965 1.956 0.130 0.0094
448 2. 439 2.179 1.955 1.947 0.154 0.0078
695 2. 489 2. 209 1.982 1.973 0.148 0.0088
866 2.451 2.200 1.983 1.975 0.147 0.0078

1123 2.531 2.252 2.029 2.020 0.140 0.0092

(a) Experimental cells were operated with an inlet air of 85 F, 50% RH (0. 013 1b HyO/1b DA) with an air flow

of 0. 048 ft3/min (n = 4)
about 90 F

Estimated steady-state electrolyte concentration of 75-80 percent HqPO, at

(b) During the operation of Cell 4b, difficulty was encountered in maintaining the air baffle in good contact

When the cell was pressed together the voltage
returned to normal (from 2. 59 to 2. 44 volts at 435 hours and from 2. 61 to 2.45 volts at 865 hours).

(c) At 1123 hours for Cell 4b, the cell-voltage measurement was made as close as possible to the cell elec-
trodes so as to minimize the voltage drop in the leads included in the cell-voltage measurement (i.e.,
measured cell voltage was lowered 0. 13 volt at 32.8 amp/ft2). All data for Cell 4b in table 7 prior to

with the anode as evidenced by an increase in cell voltage.

1120 hours have been corrected to reflect true cell voltages.
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evidence of "flooding" for the steady-state conditions of extended testing.
As will be shown later in this report, the optimum initial acid impregnation
is dependent on the operating conditions to be used.

\

Cell 2. The distinctive feature of Cell 2 was the thinner matrix of two
layers of asbestos (the usual 0. 033-inch~thick microporous rubber layer was
omitted). The absence of the microporous rubber did not affect the voltage
characteristics of the cell in any unexpected way. The cell voltage was
about 0. 2 volt lower than comparable cells because of the thinner matrix and
the effect was reflected in the measurements of ohmic polarization as shown
in table 6 and the constant c in the voltage equation (table 7).

During 1300 hours of continuous operation, Cell 2 exhibited stable
voltage characteristics. A comparison of the initial steady-state voltage
with the voltage at 1300 hours indicated 2. 40 £ 0. 05 volts for 32.8 %

0.4 amp/ft2.

The results relating to stability of the platinized-platinum electrodes
and matrix were the same as the results for Cell 3 discussed below.

Cell 3. During 1100 hours of continuous operation, Cell 3 also ex-
hibited stable voltage characteristics. Except for deviations caused by ex-~
perimental equipment problems, ‘the cell voltage was 2. 60 £ 0. 05 volt.
Voltage-analysis results shown in table 6 confirm that the various compo-
nent polarizations remained essentially the same during the extended oper-
ating period. Specifically, there was only a small increase in activation
polarization, indicating that the platinizing of the electrodes was still par-
tially effective. The results of visual inspection of the electrodes was more
indicative of the limitations on extrapolation of the results beyond the oper-
ational test period.

Figure 10, shown earlier, is a typical voltage-characteristics curve
obtained for Cell 3 at 1074 hours. The approximate distribution of polar-
ization components is also shown based on the voltage-analysis results by
the current-interruption method. '

Cell 3 and Cell 2 were disassembled for inspection and the matrix ap-
peared satisfactory. Some of the platinizing was off the anodes (about
30 percent of a central area on the screen was bright platinum). Some of
the platinized platinum was on the matrix; some on the air baffle. The cath-
ode screen appeared the same as when the cell was assembled. There was
a definite difference between the cathode and anode but the effect might be a
reduction in adhesion of platinized platinum to the anode. However, anodic
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oxidation of the platinized platinum and solution in phosphoric acid over a
long period of time at room temperature would not be unexpected since plat-
inized platinum is not anodically stable at high temperatures (i.e., 140 C).
The practical result that no appreciable increase in cell voltage occurred

for 1000 hours is good. However, in view of the visible observations and
until further information is available, it would not be desirable to extrapolate
the voltage performance beyond about 1300 hours with the available data.

Based on the voltage analysis results shown previously in table 2, at
most, complete loss of platinizing at the anode (to bright platinum screen)
would increase the cell voltage about 0. 12 volt. The reduction in activation
polarization of 0. 13 volt achieved at the cathode by platinizing is probably
permanent.

There was no visible evidence of physical or chemical deterioration of
the matrix (particularly the asbestos in contact with the anode). From the
voltage characteristics, there was no evidence that the matrix adversely
affected vapor absorption or establishment of a representative steady-state
electrolyte concentration. Since voltage-analysis results showed that com-
parable concentration polarization values could be obtained with a free elec-
trolyte, there was no reason to expect that the matrix (asbestos/platinized-
platinum screen electrode combination) adversely affected the cell voltage
either directly (gas polarization) or indirectly (mass transfer and steady-
state electrolyte concentration at the anode surface). Subsequent theoretical
analysis of mass transfer of water vapor to the matrix supports the conten-
tion that the physical properties of the asbestos used or the dimensional con-
figuration of the screen electrode used did not affect the steadystate elec-
trolyte concentration and cell voltage.

In view of the above results, study of various matrix materials was
eliminated as a subject of immediate concern. Similarly, the use of
platinized-platinum screen electrodes and the design of the fluted plastic
baffle providing the air channel were shown to be adequate for 1000-hour
tests. These design features were fixed for subsequent experimental cells
and the laboratory model in order to concentrate on the other system
variables.

Cell 4b. Cell 4b was the first experimental cell that incorporated the
new cell design features that were being developed on the program. In all
significant aspects Cell 4b was a prototype of the cell design used in con-
struction of the laboratory model.

Hydrogen-gas volume collections were made during the operation of
Cell 4b at 287, 840, and 1195 hours, and the rate of hydrogen-gas collection
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was >99 percent of the theoretical rate (which is within the accuracy of the
ammeter used). Analysis of the collected hydrogen indicated >99. 7 percent
hydrogen. The result indicated the effectiveness of cell sealing that was
absent for Cell 3 and, more important, established that the standard matrix
combination used prevented cross leak of gases (air leaving cell contained
less than 0. 005 percent hydrogen).

The use of 80-mesh, 3-mil wire for the platinized-~platinum electrodes
for the first time in Cell 4b gave good voltage characteristics as shown in
table 7. - A comparison of cell voltage of Cell 4b with Cell 3 with different
electrodes (45-mesh, 7.8-mil wire) might not be valid since no correction
was applied to data for Cell 3 for possible voltage drop in the leads | see
footnote (c), table 7]. Regardless, the 80-mesh screen electrodes are
favored for weight and cost reduction.

At 865 hours, the anode of Cell 4b was examined and looked good. No
bright platinum was observed. Voltage analysis at 960 hours indicated a
total activation polarization of 0. 05 volt (table 6) which was slightly higher
than usual. The values of the constant '""a'' in the cell-voltage equation for
Cell 4b (table 7) show a gradual increase through 1123 hours which might
indicate some loss of effect of platinizing. During the period of continued
operation from 1200 to 1380 hours, the cell voltage was fairly constant at
2.54 + 0. 01 volt. Unfortunately, the operation of Cell 4b was terminated at
1380 hours by an unusual failure.of the water-temperature control circuit of
the air conditioning unit which caused abnormal conditions in the air circu-
lating system (saturated air at up to 160 F and possibly condensed water
entered the cell air inlet). In spite of the abnormal cell flooding, examina-
tion of the anode showed that 80-90 percent of the anode screen had platinized
platinum on it.

In general, the results with Cell 4b and Cells 2 and 3 lead to the con-
clusion that the beneficial effects of platinizing the anode can be maintained
for at least 1000 hours for the operating conditions of the experimental cells,
principally the low electrolyte temperature (~90 F). Further study to im-
prove platinizing procedure or similar treatment for the anodes to reduce
activation polarization appears necessary to greatly extend the operating
time beyond 1000 hours. Stability of the platinized cathodes does not appear
to be a problem. The subsequent evaluation of the laboratory model which
was effectively insulated and operated at higher electrolyte temperatures
provided a more severe test of electrode stability.

When Cell 4b was examined at 865 hours of operation, there was visible
evidence of acid spray on the inside of the gooch rubber tubing used on the
air-oxygen outlet (figure 7a). The tubing had some small holes or tears in
it, indicating attack by either acid or ozone or both. The amount of acid

57




loss by spray (probably aerosol of electrolyte formed by exploding oxygen
bubbles) does not appear large enough to significantly affect cell operation.
However, acid spray is recognized as a potential contaminant of the air
stream recirculated to the cabin and means would have to be provided to
purify the air if acid spray is a real problem. The observations of acid
spray with the experimental cells were not considered conclusive and further
evidence obtained with the laboratory model suggests that acid spray might
not be a problem when the full knowledge of vapor-cell operation is applied
to selection of the optimum initial acid impregnation.

The evidence of ozone in the outlet air stream by attack on rubber tub-
ing was similar to the observation first made in prior studies (ref. 1) that
ozone can be formed in vapor cells. No specific analysis was made during
this study to identify the concentration of ozone since analysis for small
amounts of ozone (probably in the parts per million range or less) is difficult
and might have been premature until the efforts toward voltage reduction on
the vapor cell had defined the optimum voltage. The amount of ozone pro-
duced is probably related to the degree of polarization of the anode; the
polarization is usually high enough for ozone formation with concentrated
acids. At the present time ozone formation is not considered a serious
problem with the vapor cell since ozone is a relatively unstable compound
that can be reduced to oxygen in a subsequent treatment of the air before
return to the cabin. Actually, ozone production in the electrolysis cell act-
ing on all the cabin air as a purifier of other air-borne contaminants could
be an important incidental advantage of the vapor cell.

Measurement of the temperature of the air leaving Cell 4b indicated a
temperature rise of only 3 F (only about 10 percent of the cell heat was re-
moved by the air stream). Based on the actual temperature rise of the air,
the electrolyte temperature at the anode/matrix interface was estimated to
have been about 90 F'. The latter temperature is the important factor in
evaluating the observed voltage characteristics. In a later section of this
report on '""Analysis of Experimental Cell 4b Performance', the voltage
characteristics of Cell 4b at 1123 hours (table 7) and the operating conditions
for experimental cells are analyzed with respect to heat transfer and mass
transfer. The estimates of the steady-state electrolyte concentration and
temperature in the matrix are close to the preferred values for vapor-cell
operation. Thus, the good operational performance of Cell 4b might be
considered more representative of a vapor cell than the results with the
laboratory model.
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Laboratory Model Performance
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model consisted of a battery of ten experimental cells connected in series
electrically. Each cell was fabricated individually with a design similar to
Experimental Cell 4b and later assembled into a battery. Figure 6 shows
the laboratory model which had overall dimensions of 2.1 by 2.1 by

1.5 inches (0. 004 ft3) and weighed 0. 33 pound. The oxygen-production
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sity, but a typical value is 1/25-man capacity (about 0. 08 1b O,/day) for
23 volts and 0.5 ampere (18 amp/ft2).
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the laboratory model up to the end of the period co vered by th1s report
Table 8 shows data representative of steady-state electrolysis after various
periods of operation.

The insulating fixture in which the laboratory model was positioned for
experimental evaluation was shown in figure 7 to identify the location of the
thermocouples (TC) which provided the temperature readings shown in
table 8. Reliable readings of the important air outlet temperature were ob-
tained for the first 100 hours of operation and these data were sufficient for
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Continuous operation was obtained from 14 to 342 hours. Malfunctions
in the experimental control circuit caused a 16-hour interruption after the
first 1/2 hour of operation and an 8-hour interruption after a total of
14 hours of operation. A current density of about 16 amp/fté was maintained
from 5 to 14 hours. From 20 to 69-1/2 hours the voltage of the battery of
cells in series was set to obtain a current density of 21.5 amp/ft A
current/voltage curve was obtained after 68-1/2 hours. At 69-1/2 hours,
the voltage of the battery of cells in series was reduced to 22.6 %= 0.1 volt
for the remainder of the operational test and the current density was 16.3 %
0.6 amp/f‘t2 for over 300 hours.

Voltage Characteristics. The current/voltage curves shown in fig-
ure 11 were obtained after the data were taken for 68-1/2 hours in table 8.
A 48-hour period at about 21.5 ar.np/ft‘2 preceded the current/vol’cage curve
and the voltage characteristics in figure 11 are representative of the steady-
state conditions at 21.5 amp/ft2 {electrolyte concentration and temperature
in the matrix). The outlet air temperature of 119 F decreased only 1 F when
the current density was lowered to 10 amp/ft? and then 1 amp/ft2 and then
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TABLE 8. SUMMARY OF PERFORMANCE OF LABORATORY MODEL UNIT

DURING FIRST 300 HOURS OF OPERA TION

Total Operating Time, hours
Current Density, amp/ft2
Battery Voltage, volts

Cell Voltages, volts

By

Bg
B1o

Temperatures, F

Air Inlet (TC1)
Air Outlet (TC2)
Hydrogen Qutlet (TCS5)
Top of Battery (TC3)
Bottom of Battery (TC4)

Air Flow (q), ft3/min

Inlet Humidity (hy), b HgO/Ib DA

n (Calculated)

12
16.1
23.32

.37
.31
.31
.32
.30
33
.32
.30
.87
.38

N D B DD DD DD BN NN

o
o
o

112
102

99

97
0.53
0.0129
8.9

21
21.5
23.40

.39
.32
.32
.33
.30
.31
33
32
.31
. 40

NNDNDNDNNNDNDDD

0
@«
=

118
104
101

99
0.53
0.0130
6.7

68-1/2
21.5
23.18

.42
.29
.30
31
.27
.28
.29

29
.33
.39

B DD NN NN NN

o
L
[V,

119
104
102

0.53
0.0130
6.7

95-1/2 187-1/2 260 306-1/2
16.9 16.4 16.7 15.17
22.68 22.50 22.173 22.69
2.31 2.29 2.29 2.28
2.25 2.24 2.27 2.28
2.25 2.22 2.22 2.20
2.217 2.28 2.26 2.25
2.23 2.22 2.22 2.22
2.24 2.24 2.26 2.26
2.25 2.26 2.32 2.33
2.25 2.24 2.286 2.26
2.28 2.27 2.28 2.217
2.34 2.33 2.34 2.33
84.5 85.0 85.0 84.8
112 (thermocouple failed)
102 99 101 99
99 96 97 917
(thermocouple failed)
0.53 0.53 0.53 0.33
0.0130 0.0130 0.0130 0.0129
8.5 8.8 8.6 9.1
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Battery Voltage (V), volts,and Average Cell Voltage (E), volts x 10
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FIGURE 11. VOLTAGE CHARACTERISTICS OF LABORATORY

MODEL BATTERY OF TEN CELLS IN SERIES

Data obtained after 48 hours at 21.5 amp/ftz;
68-1/2 hours total operation.
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increased to 32.8 amp/fté. The battery voltage was measured on a Millivac
voltmeter and simultaneously the voltage of Cell B4 was measured on a
digital voltmeter. '

The voltage characteristics of the battery of cells were similar to the
voltage characteristics of a single cell (Cell By) which had a voltage close to
the average voltage of cells in the battery. However, individual cells of the
battery varied in voltage from 2. 27 volts to 2. 42 volts compared to the aver-
age of 2. 32 volts at 21.5 amp/ftz, table 8. The voltage equation was calcu-
lated from the values at 1, 10, and 32.8 amp/ft2.

Vg =19.68 + 1.50logi+ 0.0721
EB4 = 1.963 + 0. 152 log i + 0. 069 i.

The above equations were used to calculate the voltage at 21.1 amp/ft‘Z (the
current density immediately preceding and following the current/voltage
curve) which compared well with the actual measured voltages at
21. 1 amp/ft%:

Vg, volts EB4: volts

Initial 23.15 2.314
Final 23.13 2.313
Calculated 23.17 2.309

After obtaining the current/voltage curve, the battery voltage was re-
duced for the remainder of the operational test to 22.6 + 0.1 volt. The cur-
rent density of 16.3 + 0.6 amp/ft? for over 300 hours indicated that there
was very little change in battery voltage characteristics relative to the curve
in figure 11 for operation at the lower current density.

Series Operation of Cells in a Battery. An important purpose of the
evaluation of the laboratory model was to observe the individual cell per-
formance in a series-connected battery. When only a single vapor cell is
operated at constant voltage, there is a large degree of self-corrective action
so that the cell seeks a steady-state condition. The current can automat-
ically adjust to compensate for changes in electrolyte concentration caused
by changes in water-vapor absorption. However, a single cell in a battery
operated at constant voltage operates at the current dictated by the total re-
sistance of all the cells in the battery and cannot correct easily for any un-
usual vapor absorption conditions peculiar to that cell. For example, a
below-average air flow rate through a single cell of the battery could lead to
drying out of the matrix. This would tend to increase the individual cell
voltage and temperature which would compound the original problem and
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lead to failure of a single cell and thus the whole battery. For this reason,
fairly uniform distribution of air flow among the cells of a battery is
necessary.

The results of series cell operation of the laboratory model were

- fairly good as shown by the individual cell voltages tabulated in table 8.
There was a tendency of centrally located cells to operate at lower voltage
than end cells. The higher voltage of end cells is believed to be associated
with lower temperature at the ends of the battery. The difference in voltage
between the lowest and highest cell voltages was 0. 080 volt at the start

(12 hours, table 8) and varied from 0. 10 to 0. 15 volt during the test. During
the last 200 hours of operation at 16-17 amp/ft?2 shown in table 8, the cell
voltage for each cell tended to stabilize, The exception is Cell B7 where the
gradual increase in cell voltage could be indicative of the loss of platinizing
from the anode. However, this was not verified by visual examination of the
electrodes.

Hydrogen Collection. Several times during the test of the laboratory
model measurement of hydrogen collection rate indicated about 90-92 percent
of the theoretical rate. In view of the good results reported with Experi-
mental Cell 4b, cross leakage of hydrogen through the matrix would not be
expected for a similar matrix used in the cells of the laboratory model.

Since each cell had been checked for edge-sealing leaks before assembly of
the battery, it is suspected that the loss of hydrogen was occurring at the
hydrogen manifold attachment to the side of the battery. The method of
hydrogen collection from the cells of the battery is the weakest part of the
design and improvement is needed for future models.

Electrolyte Lioss as Spray. The clear Lucite container at the air outlet
from the cells (figure 7) was provided for visual observations of any acid
spray from the cells of the laboratory model. A piece of blue litmus paper
positioned in the air outlet became red during the first hour of operation.
However, this indication of acid spray was not considered representative.
Some difficulty was encountered in start-up because the cells had picked up
water between the time of initial acid impregnation during assembly and the
start of the test. Bubbling of the electrolyte at the anode screen could be
seen near the air outlet of the cells. Since the cells could not be electro-
lyzed without air flow which would have caused excessively high cell tem-
perature, the humidity of the air to the cells was reduced until the excess
water was electrolyzed. When normal voltage characteristics were ob-
tained, the humidity was increased to the test condition. During this
start-up period, some acid spray had collected on the inside of the Lucite
chamber at the air outlet.
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No further acid spray was collected during the period of operation at
21.5 amp/ftz. However, after about 100 hours of operation at the reduced
current density of 16-17 amp/ftz, there was evidence that the amount of acid
spray on the Lucite chamber was increasing. Some acid was observed to
have settled out in a sharp bend of the air outlet tubing connected to the
Lucite chamber. ‘

During the 342 hours of operation, it is estimated that the total amount
of acid lost from the cell as spray amounted to 0.1 cm3 (2-3 drops) com-
pared to a total 20 cm3 of acid originally used for impregnation of all cells
of the battery. The loss of acid as spray would probably cease when the
excess for the steady-state operating conditions had been lost from the
matrix. The indication that there was no visible effect of acid spray at the
higher current density suggests that there is a steady-state electrolyte con-
centration at which acid loss is minimum (a relatively dry matrix) while
maintaining satisfactory voltage characteristics. The problem resolves to a
correct initial acid impregnation for the steady-state conditions that will
exist. The observations thus far are considered inconclusive as to whether
acid spray loss is an inherent problem of vapor-cell operation that would
necessitate subsequent treatment of the air stream. Further study is needed
of extended operation of cells that have received a more optimum initial acid
impregnation based on calculations discussed later under '""Preferred Oper-
ating Conditions for Vapor Cell'.

DISCUSSION OF VAPOR CELL DESIGN AND OPERATION

Correlation of Theory and Cell Operational Results

Introduction

An important result of the present study is the better understanding of
the operation of a vapor cell. This has been accomplished by derivation of
theoretical equations which show the quantitative relationship of the prin-
cipal variables involved in cell design and operation. The detailed deriva-
tions covered in Appendix C of this report are directed to generalized ex-
pressions for three important quantities:

(1) The electrical power (Pg) required for flow of cabin air
through the vapor cell based on the theory of fluid dynamics
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(2) The steady-state temperature (T,,) of the electrolyte in the"
matrix based on heat-transfer theory

(3) The steady-state humidity (h,,) that would be in equilibrium
with the phosphoric acid in the matrix based on mass-
transfer theory.

Item (1) is a principal determinant of the physical cell design and operational
limits for cabin air flow recirculation rates. Items (2) and (3) taken to-
gether define the steady-state concentration of phosphoric acid in the matrix;
the latter being the principal determinant of the voltage characteristics {(con-
centration polarization and ohmic polarization).

The theoretical equations appear to be consistent with the observed
performance of the vapor cell and the use of the equations with specific
operational data will be shown. Finally, the new knowledge which forms a
working hypothesis will be used to predict a preferred set of operating con-
ditions for the vapor cell which can be subjected to experimental verifica-
tion in future extended operational runs.

Analysis of Laboratory Model Performance

Fluid Dynamics. The specific data shown in table 8 for 68-1/2 hours
of operation were used in the first set of calculations with the appropriate
equations from Appendix C indicated by the equation number in the right
margin. Uniform distribution of air flow among the 10 equivalent cells was
assumed and a single cell (2 by 2 inch) can be considered for the calculation

of the important operational parameter '"n' from measured values.

The measured inlet air temperature (T ;) was 84.5 F and the inlet air
humidity (hy) was 0.013 1b H,O0/1lb DA (from psychometric chart based on
dew-point measurement). The specific barometric pressure (P) was not
measured and normal atmospheric pressure (760 mm Hg) was assumed for
calculation of the specific volume (v) of the moist inlet air:

19. 15 (T + 460)
v = = [1+ 16.08 (hy)] (C10)

= 14.0 ft3/1b DA

<
i
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The current density (i) of 21.5 amp/ft? can be converted to current (1) [ the
value measured] for the effective electrolysis cell dimensions of length (L)
of 2.0 inches and width (W) of 2. 0 inches: .

_ (L) (W)
144

(C18)

I

I

0. 60 ampere

The air flow per cell (q') was 0. 053 ft3/min and using the above values the
relative air flow (n) was:

81,300 (q") (hl)
n= (C14)
(v) (1")

6.7

n

The Reynolds number (NR,) based on the inlet air temperature can be
calculated for a kinematic viscosity (V) of about 0. 00016 ft“/sec for air at
85 F:

-g (L) (i) (v) (n)
o =3.4x 10 ) ) (G30)

NgR

Ngre 66

Thus, the air flow is definitely laminar compared to the approximate cri-
terion of N o Z 2000 for turbulent flow. The above expression for Reynolds
number indicates that within a practical range of values of the variables,
attainment of turbulent flow is not likely (or necessary as shown later). The
fact that the Reynolds number is below about 450 is pertinent to the validity

of the theoretical equations based on heat transfer and mass transfer.

The average velocity (V) may be of interest although not directly per-
tinent to the calculations and was calculated to be 2. 4 ft/sec using an alter-
nate expression for the Reynolds number:

b'V

N, =——— 2
Re 6000 (v) ’ (c26)

where b' = 25. 8 mil (calculated in Appendix C to be the parallel-plate spac-
ing that would be aerodynamically equivalent to the fluted air baffle used).
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The theoretical pressure drop (AP) for air flow through a cell (neglect-
ing inlet and exit losses which are negligible for the low air velocity) is

_6.4 (v (i) (n) (1)?

AP
(hy) (b")3

(C33)

AP

0.0026 psi

Because of the small pressure drop, a solution of dibutylthalate (30 mm
DPT = 1 inch water) was used in the manometer. The actual m
sure drop across the cell was about 2 mm DPT £ 0. 07 inches H,O
0. 0026 psi.

The power (Pg) required to flow air through a single cell for a con-
servative estimate of blower efficiency (7)) of 0.5 is

3 42 2
il 106 | W) (v)] [(L) (W)J [(1) () }
Pr=1.8x 10 [ T TOE m (C35)

Pg = 0.00092 watt per cell

Even an extrapolation to a one-man prototype unit (127 amperes equivalent)
from 0.6 ampere/cell indicates a very low blower power of about 0. 2 watt.
Thus, future increase in relative air flow rate (i. e. , n value) over that used
in the evaluation of the laboratory model appears feasible and desirable.
The particular form of the above equation for blower power shows the effect
of inlet air properties (first bracketed term), air-channel design (second
term), and operational design variables (third term).

Heat Transfer. The theoretical temperature rise (T ,) of the air
stream passing through the cell can be calculated on the basis of no other
heat loss and compared with the measured temperature rise. The specific
heat (Cp) for moist air was estimated for the inlet air humidity:

Cp = 0.24 + 0.45 h;y (C44)
Cp = 0. 246 Btu/lb-F
The air outlet temperature depends on the individual cell voltages assuming

uniform air flow to each cell. Since the thermocouple was located at the
outlet of Cell By, the voltage of the latter cell is used (Eg = 2. 27 volt from

table 8).
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4620 (E - 1. 25) (h1)

ATp = C43
A (€ n (42
P
244.5 (Eg - 1.25)
AT, = = (C45)

ATp =37.2 F
The theoretical outlet temperature should have been
T,=84.5+37.2=121.7TF

compared to the actual measured outlet temperature of 119 F

34,5
(ATp = 34.5 F). Therefore, about 37 2 x 100 = 93 percent of the heat

generated in Cell Bg can be accounted for in the air stream; the remainder
was probably lost through the walls by conduction and convection.

For a more accurate estimate of the average electrolyte temperature
in the matrix (T,,), the actual temperature rise (rather than theoretical)

was used:

T
m

)}

T, + 1.75 (AT,) (C61)

T 145 F

m

The above value is believed to be reasonably accurate and better than +8 F
based on extreme assumptions regarding heat-transfer surface as discussed
in Appendix C. The value calculated for T, is an average value. Just as
the air temperature increases from 84.5 F to 119 F from inlet to outlet, it
is estimated that the electrolyte temperature gradient in the matrix might be
as high as 128 to 162 F from air inlet to air outlet. Calculations in Ap-
pendix C show that there is a negligible temperature gradient (<1 F) across
the matrix from anode to cathode.

Mass Transfer. For an inlet humidity (h;) of 0.013 1b H,O/1b DA,
the outlet humidity is

h, = 0.011 Ib H,0/lb DA
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Estimates of the steady-state electrolyte concentration in the matrix
can be obtained from theoretical equations derived from a consideration of
mass transfer of water vapor. The humidity (h,,) in equilibrium with the
mean electrolyte concentration in the matrix at the anode is

, |
by =hy < 'Z> (C86)
b, = 0.009 1b H,O/lb DA

It is estimated that there is little difference in electrolyte concentration
gradient between the anode and cathode. However, there probably is an
electrolyte concentration gradient in the matrix from inlet to outlet. As-

suming a constant driving force for mass transfer of vapor (Ah ) the value
is
by
Ah,, = 1.5— (C88)

Ahm

0.003 1b HZO/lb DA

The humidity in equilibrium with the electrolyte concentration in the matrix
varies from 0.010 1b/H,O/1b DA at the inlet to 0. 008 1b H,O/1b DA at the
outlet. Thus, the electrolyte concentration increases from inlet to outlet
as does the temperature of the electrolyte. A knowledge of the mean tem-
perature (T,,) and humidity (h,,) corresponding to the mean steady-state
electrolyte concentration in the matrix is usually sufficient to understand
operation of the vapor cell.

Steady-State Electrolyte Concentration. Figure 12 shows the water-
vapor pressure (p) in equilibrium with aqueous phosphoric acid solutions as
a function of temperature [ from data in ref. 5]. For easier use a Fahren-
heit temperature scale has been provided as well as a humidity scale
(1b HZO/lb DA) corresponding to the vapor pressure (p) for an assumed total
pressure (P) of 760 mm Hg:

1.6 (P) (hy,)
p= i . (C93)
1+ 1.6 (h)

From figure 12, it is seen that the previous estimates of h,, = 0. 009 1b H,O/
b DA and T, = 145 F correspond to an electrolyte concentration of about
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Lines of constant specific resistance (p) of the electrolyte for 2, 2.5,
and 3 ohm-inches are also shown on figure 12. Thus, for a concentration of
90% H3POy4 at 145 F, p = 2.2 ohm-inches. ' The latter value can be used to

1ot 4+l Thrd 1 3 3
estimate the ohmic polarization as was shown previously in a discussion of

the current/voltage technique:

tkp

€= 144 (5)

_ (0.053) (9) (2. 2)
144

‘O

o

]

}—h
(4"

(0.0033) (2.2)=0.0

""" 4

Cc

The above value of the constant '"¢'' checks with voltage characteristics
shown in figure 11 which represented steady-state conditions for a current
density of 21.5 amp/ft2.

Effect of Lower Current Density. Similar calculations were made for
the data in table 8 at 95-1/2 hours for a lower current dens1ty of 16.9 amp/
-ft2, Since the air flow rate was the same (q' = 0. 053 ft3/m1n), n was larger
and the following values were calculated:

I=0.470 ampere (C18)
n=28.5 (C14)
ATp = 28 F (Cell Bg theoretical) (C43)
ATp = 27.5 F (Cell By measured)
T ,=133F (C61)
h =0.0101b HZO/lb DA . (C86)
m

From figure 12 for the above values of T, and h__, the mean steady-state
electrolyte concentration in the matrix is est1mated to be about 87% H3PO4
and p = 2. 3 ohm-inches.
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Analysis of Experimental Cell 4b Performance

An analysis can now be made of Experimental Cell 4b referred to
earlier in this report which was representative of all single experimental
cells. Using data obtained after 1123 hours of operation when the cell volt-
age was 2.531 volts:

i=32.8 amp/ft? (C18)
I=0.910 amperes (C18)
n=4.0 . (C14)

If the cell had been adequately insulated, the above operating conditions
would have resulted in extremely high cell temperatures as shown by the fol-
lowing theoretical calculations (assuming all heat transferred to air stream):

AT =78 F (theorgtical) (C43)
T1 =85 F
’ T, = 163 F (theoretical)
T, =222F (theoretical) . (C61)

Actually, only about 4 percent of the heat generated in the cell was trans-
ferred to the air stream based on the approximate measured value of
ATp = 3 F. Using the latter value the following estimates were made:

T, =85F

ATy =3F

T _=90F (C61)

5
1]

0.0131b HZO/lb DA

o
)
1

= 0.0098 1b HZO/lb DA (C84)

5
1l

0.0065 1b H,O/1b DA . (C86)

From figure 12, it is seen that the above combination of T | and h  cor-~
responds to a mean steady-state electrolyte concentration of 77% H3PO4 with
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p £ 2.8 ohm-inches. From the latter value of specific resistance the calcu-
lated value of ''c'' checks well with the constant in the characteristic voltage
equation for Cell 4b representing a steady-state condition at 32.8 amp/ft2:

i

c = 0.0033 (2.8) = 0.0092 volts/?.mp/ftz (5)

E

2.020 + 0.140 log i+ 0.0092 1

Choice of Operating Conditions

The estimates made with the use of theoretical equations appear to be
consistent with the observed performance of the vapor cells. Wide varia-
tions in steady-state electrolyte concentration are possible by varying the
inlet humidity, inlet temperature, air flow rate, and current density. It is
" also evident that once a cell matrix has been initially impregnated with a
definite amount of acid, there are only certain combinations of operating
conditions permissible to avoid '"flooding'" or loss of electrolyte as spray.
With the use of the generalized equations and figure 12, the expected steady-
state electrolyte concentration can be predicted and the initial acid impreg-
nation made accordingly. Since all of the information necessary for this
preferred approach was not available at the time the experimental cells and
laboratory model were constructed and impregnated with acid, the evidence
of acid loss from the cells was not interpreted as a basic problem of vapor
cells. With regard to acid spray loss, the experimental results thus far are
considered inclusive and there is indirect evidence that acid loss can be
made negligible for an optimization of design and operation.

From the analysis of cell operation that has been presented, it is ap-
parent that the performance of a vapor cell cannot be specified with regard
to inlet air properties alone. The important criteria of vapor cell opera-
tion are the temperature and concentration of acid in the matrix under
steady-state conditions which together determine the items of original im-
portance in this study:

(1) Voltage characteristics (i. e., temperature and acid concen-
tration are the principal determinants of the constants 'a',
'"b'"", and ''¢'" in the cell-voltage equation for a specific
matrix design).

(2) Reliability as evidenced by extended operation with stable
voltage characteristics is influenced by the temperature and
acid concentration (i. e., stability of matrix and platinized-
platinum electrodes).
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With regard to stability of materials, temperature would be expected
to be the more important factor; difference in acid concentration probably
has little effect on materials over the range of 70-95 percent H3POy4 of
interest for vapor cells operated on cabin air. Since the majority of experi-
mental evidence on extended operational capability for 1000 hours or more
was obtained at relative low temperature (Tm = 90 F), it is important to
show why the test conditions for the experimental cells were representative
of expected vapor-cell operation. While the laboratory model performed
adequately for the initial 300-hour test, the experimental conditions imposed
created a rather severe test of materials with regard to temperature
(T, = 135-145 F). In order to define normal operating conditions for a
vapor cell, it is necessary to digress and consider how a vapor cell will be
integrated into a cabin air system.

Integration for Cabin Air Conditioning

Usually, the amount of water contributed to the cabin air by a man
(both respiration and perspiration) exceeds slightly the amount of water re-
quired for production of breathing oxygen. For simplicity assume that a
man consumes 2 1b O, /day and gives up the equivalent water (2.25 1b H,0/
day) to the cabin atmosphere. Thus, under steady-state conditions, the
water consumed by electrolysis in the vapor cell equals the water added to
the air in the cabin.

When the vapor cell is also a dehumidifier, the main concern is the
humidity control; temperature control can be considered independently. If
the cabin air is used to cool electronic equipment, suitable heat exchangers
can be provided ahead of the electrolysis cell to provide any inlet air tem-
perature desired above the dewpoint. Likewise, it is assumed that heat ex-
changers can be used to cool the air leaving the electrolysis cell to any tem-~
perature (above the dewpoint) desired for the air returned to the cabin.
(Also, heat exchangers could be used between in-line electrolysis units as
suggested in figure 13, shown later, if this were desirable.)

Considering only the absolute humidity, it is obvious that for the sys-
tem proposed whereby all of the cabin air passes through the electrolysis
cell, that hy (cell outlet humidity) equals the cabin inlet humidity and h;
(the cell inlet humidity) equals the cabin outlet humidity. Therefore, the
water output of a man in the cabin can be defined in terms of a humidity (h()
with reference to the air flow through the cabin analogous to the humidity
supplied for electrolysis:

by

= h

T
he"n e
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The average humidity in the cabin and the average humidity of air
passing through the electrolysis cell is

hy+h
1 2
hav’ 2

' 1
hyy =hy <1 " on

Assume that the average temperature in the cabin is 75 F, with an inlet tem-
perature of 65 F and an outlet temperature of 85 F. [ The units of humidity
(h) are 1b HyO/lb DA]. If h) = 0.013 and n =2, hy = 0.0065 and h_, =

0. 00975 (about 50% RH at 75 F). The latter value of average humidity falls
within the comfort zone at 75 F. However, it is not too practical to operate
the electrolysis cell at n = 2. Higher values of n are required to achieve
reasonable electrolysis-cell temperature. The values used for evaluation of
the laboratory model of n = 6.7 (at 21.5 amp/ft?) and n = 8.5 (at 16.9 amp/
£t2) correspond to air flow rates of 11.2 and 14. 3 £ft3/min per man at hy =
0.013. The latter values are in the range of the air flow rates in pressure-
suit loops. However, as the air flow rate is increased with h; = 0. 013, the
average humidity (h,,) maintained in the cabin increases to 0.012 (n = 6. 7)
and 0.0123 (n = 8.5). The latter values of humidity are outside the comfort
zone for a cabin temperature of 75 F. Therefore, the value of h; would have
to be reduced to a value in the range of 0. 005 to 0. 010 to maintain a com-
fortable humidity at higher air recirculation rates.

A consideration of the small blower power required for air flow
through the electrolysis cell suggests that a much higher air flow could be
used with very little added power and would be desirable to reduce the tem-
perature at which the electrolysis cell operates. As the air flow increases
there is less change in humidity of air passing through the electrolysis unit
and less change in humidity of air passing through the cabin. Therefore,
the value of hy will be close to h,,, and should be a comfortable humidity.
For example, a value of hj = 0. 0075 and n = 20 would maintain an average
cabin humidity of h,,, = 0. 0073 which at 75 F corresponds to about 40% RH
and is an ideal comfort combination even at relative low cabin air velocity.

As will be shown in the following example, a preferred cabin air
humidity and a higher value of n = 20 will produce a combination of electro-
lyte concentration and low temperature in the vapor-cell matrix that will be
about the same value as that at which the experimental cells were evaluated
in extended runs of over 1000 hours. Thus, there is little doubt that the
vapor cell will perform satisfactorily with the lower inlet humidity. This
can be verified in a future evaluation of a new laboratory model unit designed
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and operated in accordance with the following example of preferred
conditions.

Preferred Operating Conditions for Vapor Cell

With the knowledge now available to predict the performance of a vapor
cell, it is possible to preselect operating conditions that will be most favor-
able to extended cell performance and reliability while maintaining the air
within the cabin at a desirable humidity. From the preferred operating con-
ditions, the steady-state electrolyte concentration and temperature can be
estimated and a knowledgeable choice of initial electrolyte impregnation can
be made at the time the cells are constructed.

Assume that the cabin air is to be maintained at approximately 75 F
and 40 percent relative humidity. The outlet cabin air is passed through a
heat exchanger which provides an inlet air to the vapor cell of 75 F and an
inlet humidity of

_0.01882 (40)

= 0.0075 1b H,0/1b DA

1= 100
19. 15 (75 + 460 ~
v =2 (760 )1+ 1.608 (0.0075)] = 13.69 £&3/1b (C10)
Cp = 0.24 + 0.45 (0. 0075) = 0. 243 (C44)

4620 (0.0075) (E - 1.25) 142.5 (E - 1.25)
ATp = = )
(0. 243) n n

(C43)

Since the design will provide for a relatively low matrix temperature as was
obtained with the experimental cells, the voltage characteristics of Cell 4b
after 1123 hours of operation (table 7) will be assumed and a design current
density of 20 amp/ft2:

E = 2.020 + 0. 140 log (20) + 0. 0092 (20)

E = 2. 39 volts

142.5 (2.39 - 1.25 162.5
ATp = ( 2 ) = (C43)
n n

75 + 1. 75 [162‘5] . (C61)

n

Tm
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In order to have low vapor-cell temperatures,

sumed and the following values calculated:

a value of n = 20 will be as-

n=20
T]. = 75 F
., 162.5
Tp=75+—F—=83F
o om /162 5\
T,=7+1.75 \ = 89
h; = 0.0075 1b HyO/1b DA
. ... 0.0075
hZ = 0.00/7>5 -~ —20—- = 0.0071 1b HZO/Ib DA
0.0075 + 0.0071
hy, = > = 0.0073 1b H,O/1b DA

(39% RH at 75 F in cabin)

2
h__ = 0.0075 <1 ->= = 0. 00675 1b HZO/lb DA

m 20

From figure 12 the above values of T __ and h__ indicate an average steady-
state electrolyte concentration of 76% H3PO,4 which at 89 F has a specific
resistance of p = 2.8 ohm-inches. Thus

= (0.0033) (2.8) = 0. 0092 ohm-£tZ,

as assumed for the voltage equation.

The initial acid impregnation of the matrix can be designed for the ex-
pected steady-state electrolyte concentration of 76% H3;PO, using equations
derived in Appendix B. The void fraction (f) or available porosity of the
matrix is not known accurately but could be determined. An approximate
value of (f) can be determined by a visual observation of the amount of acid
required to just fill the voids. Experience with the matrix used in this study
indicates a value of £ = 0.50. The volume factor (x) can be obtained from
figure B-1 in Appendix B or calculated from the specific gravity of 1. 58 for
76% H; PO, as shown below:

8. 43 3

XHy = ————————= 0, 070 in. ° electrolyte/gram P,O B4
76~ (76) (1. 58) ytele 2-5 (B4)
e = é = —-—-0(.)'057% =7.1gP,0q /in. 3 matrix volume. (B5)
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The acid can be added as 85% H3POy (readily available) to the total matrix
volume of 0. 22 in. 3 (2. 05 by 2. 05 by 0. 053 inch).

(7.1) (0.22) =1.56 g P,0; per cell

1.56
0.615

44
1.69

= 2.5 g of 85 percent H3PO, per cell (B3)

= 1.5 cm3 of 85 percent H3PO, per cell

The above volume of acid is only 3/4 of the acid used for thc present labora-
tory model.

A particular advantage of the use of high value of n is that the steady-
state electrolyte concentration of 76% H3PO4 is close to the equilibrium con-
centration of electrolyte corresponding to the inlet air temperature and
humidity (i.e., 67% H3POy4 for Ty = 75 F and hy = 0.0075 1b H;O/1b DA as
can be seen in figure 12). Thus, if the electrolysis power to the vapor cell
were interrupted and the air flow through the cell continued, there would be
less chance of flooding for dilution to 67% H3;PO,4 as discussed in
Appendix B:

g7 = _ 8% 0. 084in. 3/g P,0; (B4)
(67) (1. 49)
4.2
= [(7.1) (0.084) - 0.50] (0.053) == 0.0019 inch . (B6)

Thus, the increase in electrolyte thickness in excess of the matrix thickness
(ty) could be easily accommodated by the 0. 003-inch-wire electrode screens
on either side of the matrix.

Other values calculated with the equations indicated from Appendix C
for n= 20 and i = 20 amp/ft are

I = 0.555 amperes per cell (C18)

q' = 0.25 £t3 /min per cell (C19)
qp = 57 ft3/min per man (C17)
V = 11.5 ft/sec (C29)
NRe = 310 {(C30)
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AP = 0.013 psi (C33)

Pf = 0.021 watt per cell (blower power) (C35)

(Pp)iotal = 4- 8 watts per man (blower power). (C35a)

The estimated blower power of 4. 8 watts /man (based only on the pres-
sure drop through the electrolysis cell and assuming a 50 percent blower
efficiency) is only 1.5 percent of the electrolysis power of 304 watt/man.
The weight penalty for the blower power is 1. 45 lb/man (for Pp=0.3 b/
watt) compared to the cell weight of about 7.5 1lb/man. The added penalty for
blower power because of the use of a high air flow rate (n = 20) is equivalent
to an electr u:.'y‘Sl.-: cell 'v'OJ.Ld.gc of Oi‘u'y‘ 0. 038 volt which is small compared to
the voltage reduction obtained by platinizing the electrodes. Longer life
(>1000 hours) of the platinizing is expected for the lower cell temperatures
(i. e., T, =89 F) that will exist with the higher air flow. The preferred
operating conditions provide an electrolyte temperature and concentration
very close to the values estimated to have existed during extended operation

of experimental cells.

A heat exchanger would be needed to cool the air to 75 F or less after
it leaves the electrolysis cell and before return to the cabin. The total
amount of heat added to the air uy electro ux.y gis is dcycudcnt on the cell vo
age but is independent of the volumetric rate of air flow. Thus, for the as-
sumed cell voltage of 2. 39 volts:

14
LU

Excess heat = (2.39 - 1.25) (127) = 145 watts/man

The weight penalty for disposal of excess heat is about 1/10 the weight pen-
alty for electrolysis power and thus is usually not a large factor in optimiz-
ing electrolysis cells. However, the small effect of the weight penalty for
heat rejection and blower power is discussed later in connection with engi-
neering estimates and choice of optimum design current density.
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CELL DESIGN CONCEPTS AND ENGINEERING ESTIMATES

Cell Design for Operation on Cabin Air

Weight Reduction

A significant result of the present work is the finding that the cell
weight can be reduced appreciably from estimates based on prior research
(i. e., for a 3-man cell about 150 pounds based on prior Battelle studies for
the Air Force and about 110 pounds based on prior studies for NASA).

Table 9 shows a detailed comparison of cell component weights to indicate
where the weight has been eliminated, mainly in cell case and gas channels.

Some of the important improvements in cell design leading to weight
reduction are

(1) Reduction of the size of the air passage by a realistic
appraisal of fluid dynamics (i.e., pressure drop) with
respect to air flow for mass transfer and heat transfer.

(2) Elimination of oversized gas channels at the cathode.
While an air channel is required for the relatively large
air flow in a single cell (1000 to 8000 cm3/min), very
little passageway is required for the hydrogen (less than
10 ¢cm3 /min). Thus, microporous Teflon proved to be
adequate.

(3) Reduction in electrode weight by use of 80-mesh, 3-mil
wire instead of 45-mesh, 7.8-mil wire (a 25-30 percent
reduction relative to the final cell weight).

(4) Reduction in ineffective matrix area and edge-sealing
area not essential to electrochemical performance.

Normally emphasis on weight reduction is not of primary concern dur-
ing research investigations and is deferred to later development. However,
for the vapor cell which has an inherently high operating cell voltage, it was
important to emphasize the unique cell design advantages that are reflected
in low cell weight. The low cell weight combined with reduction in cell volt-
age with platinized-platinum electrodes that can be maintained over
1000 hours are the features that now make the vapor cell look attractive at
the present state of the art.
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TABLE 9. COMPARISON OF EXPERIMENTAL-CELL WEIGHT SHOWING

PROGRESS IN DESIGN

Anode
Cathode
Matrix
Asbestos (Cathode)
Asbestos (Anode)
Microporous Rubber
Air Baffle
H, Baffle
Microporous Teflon (10-Mil)
Microporous Teflon (28-Mil)
Lead Wires
Cell Case
Top Cover
Bottom Cover
Gaskets
Silicone Sealer
Total Dry Weight
Electrolyte
Total Weight (4 In. %), g
Specific Weight (Sy), 1b/ft?

Component Weight, grams

Tab Model

Cell 1{28) Cell 3 Cell 4b Cell(b)

6.52 8.78 1.50 1.5

6.52 8.70 1. 50 1.5

3. 25 -- -- --

-- 0. 47 0. 39 0.4

-- 0. 48 0.37 0.4

.- 1.38 1. 06 1.1
16. 85 11. 26 7.04 3.6
21.30 11.56 -- --

-- -- 0.33 0.4

- - -- 2.03 Not needed

c c 1.00 0.2
5(7.)4(d) (__) - -

-- 2. 14 -- --

-- 1.91 2.50 0.6

1.95 0.57 -- --

-- 1.0 0.61 1.7
98. 0 48. 2 18. 3 11. 4

5.2 4,4 3.5 3.4
119.0 52. 6 21.8 14.8

9.4 4.2 1.7 1.2

(a) Cell weights for 16 -in. 2 cell were divided by 4 for comparison.

(b) An average cell derived from the weight for the laboratory model., Components added later solely for the
experimental evaluation are not included. The estimated weight of silicone sealer used was obtained by
difference from the lab model weight and the high value reflects the excess sealer used.

(c) Included in electrode weight.

(d) Derived from reported estimate of 110 1b for 3-man cell.
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Another reason for emphasis on weight reduction was to guide the re-
search work so that the experimental data would be obtained at representa-
tive current densities. The electrochemical performance and reliability of
most water-electrolysis systems is better at lower current densities and the
vapor cell would be no exception. The choice of representative current den-
sities for research study must be guided by realistic estimates of power pen-
alty and cell weight. Estimates of total system weight are more reliable
when they are direct extrapolations of power consumption and cell weight
obtained from demonstration models operated at representative conditions.

New Cell Design Concept

Part of the cell weight reduction has been obtained by a new design
concept which capitalizes on the unique application of a vapor cell in a cabin
air-recirculation system. Other water-electrolysis systems depend on a
supply of liquid water and the cell effluent is pure oxygen which is collected
and transported to some point for direct use or storage. Thus, the need for
piping and cell construction to convey oxygen. However, the vapor cell is
unique in that pure oxygen is not collected as such but rather continuously
replenishes the air stream recirculated to the cabin. Thus, there is no real
need for oxygen ducts, air inlet, or air outlet ducts other than the normal

air recirculating ducts.

Proposed Prototype Design

Figure 13a is a schematic of the laboratory model unit constructed on
this project which was a battery of ten cells in series. The proposed con-
struction of the hydrogen channel and two metal straps also serving as bat-
tery voltage leads might be of advantage when batteries are assembled into a
prototype unit as suggested by the schematic of figure 13b.

In designing for operation at 28 volts, there are only a few specific
combinations of series cells and cell voltage of interest:

No. of Cells Voltage/Cell,
in Series volts
10 2.80
11 2.54
12 2.33
13 2.15
14 2.00

82



Hydrogen channel—

1.5"

/4

i

~ 1
Q. WA

Front View

FIGURE 13.

2"11

aboratory Model {Ba

J
—

ttery of Cells Connected in Series E\ectricony)

exchanger

Section of air duct in
cabin mr-re(:\rculohon

gystem
Side View

b. 3-Man Prototype Unit A-5129!

RANGEMENT OF

OF A PROPOSED AR
PROTO-

SCHEMATIC
Y MODEL UNITS IN 3-MAN

LABORATOR
TYPE UNIT

83



For a particular set of nominal operating conditions which define the aver-
age voltage characteristics, there is only one design current density. The
electrolysis area per cell can be adjusted as necessary to arrive at a con-
venient combination of series cells and batteries. For example, using the
voltage characteristics of figure 11, a convenient choice for 28-volt opera-
tion is a battery size of 12 cells in series at 2. 33 volt/cell which requires a
design current density of about 24 amp/ftz‘. Using the experimental cell
size with 4-in. 2 electrode area, a one-man prototype can be made from

16 batteries:

4
16 batteries x 12 cells/battery x <m> £t2/cell

x 24 amp/ftz' = 127 amperes

The above amperage corresponds to 2 1b O,/day; the one-man prototype
would use about 10. 6 amperes at 28 volts.

The "front view' of figure 13b shows how the 16 batteries could be ar-
ranged in the air duct of the cabin air-recirculation system. The cross
section required is about 60 in. 2 and the depth of the prototype in the air
flow direction would be 2. 1 inches (for a 1-man prototype). Air flow and
pressure drop through each cell would be identical. Larger prototypes
could be constructed in a similar manner with proportionate increase in
cross section of the air-duct section housing the water-vapor-electrolysis
cells.

An alternative arrangement for larger prototypes (2- to 6-man or
larger) is the in-line arrangement shown in the ''side view'' of figure 13b
illustrating a 3-man prototype. Whether the batteries are all in one plane or
"in-line'" does not influence the product of total air flow and pressure drop
(i. e. , blower power); similar considerations apply to a single 3-man proto-
type with a length of air flow path of 6. 3 inches per cell. However, the ar-
rangement of three separate l1-man prototypes '"'in-line' as shown in fig-
ure 13b has the advantage of allowing intermediate air cooling with heat
exchangers so that each battery can operate at the same temperature. The
inlet air humidity to each successive unit would be less at low relative air
flow (n value) which might be an advantage if a large decrease in humidity
through the total unit is desired. The decrease in inlet humidity for suc-
cessive units could be made insignificant at high relative air flow (n = 20).

The general design concept of the vapor cell for use in a cabin air-

"recirculation system appears to be versatile enough to satisfy a wide range

of air-conditioning requirements and overall dimensional configurations.
The use of a small cell size and a large number of batteries would appear to
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favor operational reliabiiity. If provision is made for bypassing defective
batteries, the remaining batteries could easily carry the higher current-
density load because of the low design current density.

An important aspect of the design concept is the use of a basic cell
unit {(each cell identical with respect to construction, aerodynamics, and
electrochemical conditions of operation) so that no scale-up problems are
anticipated. Since the basic unit was evaluated in the experimental program,
estimates based on extrapolating the basic cell unit performance to various-
i to be

Uroan amrsan T wnallid
YypPes dappcal T vadiilu,

Engineering Estimates for a Vapor Cell

Size, Weight, and Electrolysis Power

At the beginning of this project, it was believed that estimates regard-
ing cell size and weight might normally be less as the design basis increased
from a l-man prototype to a 6-man prototype. This might still be true for
use of a larger basic cell size than 4 in. 2, However it no longer appears to
be a very significant factor for engineering estimates since in the final cell

Therefore, estimates of cell size, weight, and electrolysis power con-
sumption for any size prototype are simple multiples of the estimates for a
l-man prototype shown in figure 14. Figure 14 was derived by extrapolation
of the actual size, weight, and power consumption of an average cell in the
10-cell laboratory model battery. The following values were used as a basis
for figure 14:

Weight of Laboratory Model 0. 32 pound

Dimensions of Laboratory Model 2.1x 2.1
x 1.5 inches

The following values were calculated using as a basis the electrolysis area

- (££2):

Specific weight (S ) 1.2 1b/ft2

Specific volume (S,)  0.014 ft3/ft2
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For a l-man prototype (2 1b O,/day) the equivalent current is 127 amperes
and

1.2) (127 15
Prototype weight = (—-—)(—-—) =—— lbs/man
i i

(0.014) (127) 1.8

1 1

Prototype volume = £t3 /man

The typical voltage characteristic
r

formance of the laboratory model (figu

for an average cell based on per-
1 ar
....... {(figure 11) ar

S
e ll1) e
e ) e

=
I

at+blogi+eci

=
1

= 1.97 4+ 0.15 1logi+ 0.0072 i
Power consumed = 127 E watts/man.
Assuming a power penalty of 300 1lb/kw:

Weight penalty for power = 38 E lb/man

15
Total system weight = 38 E + = 1b/man.

Optimum Current Density

A general equation for total system weight (W) (exclusive of blower
power and heat penalty) for any number of men (M) based on 2 1b Oz/man-
day is:

S
W
W =12 [P i 1 ——]
T TM p(a.+blog1+c1)-!-i

The optimum current density, i*, corresponding to minimum total system
weight, can be found by differentiating the above equation with respect to cur-
rent density and setting the result equal to zero and solving for current
density:

. 4c S
it = _Zb 1+ \;
¢ P_b
b

The optimum current density of i¥ = 15 amp/ft% shown in figure 14 was cal-
culated from the above equation using the following values:

87



b=0.15

0. 0072

0
)]

1.-2 1b/£te

9]
[}

0.3 1b/watt.

H
(]

At the optimum design current density, the following estimates are made for
the system:

Cell weight 10 1b/man
Cell volume 0.12 ft3/man
Voltage 2. 25 volt/cell
Power 285 watt/man
Power penalty 86 1b/man

Total system weight 96 lb/man

While the above values are optimum for a power penalty of 0.3 lb/watt, a
lower power penalty would increase the optimum current density (i. e. ,

25 amp/ft? for 0. 15 lb/watt). As shown in figure 14, there is relatively
little difference in total system weight (5 1b/man) over a design current-
density range of about 6 to 60 amp/ftz. The lower current densities might
be favored for lower cell voltage and power demand; the higher current den-
sities might be favored to reduce electrode cost.

Blower Power and Heat Rejection

For simplicity, the current-density optimization has considered ounly
the electrolysis power. Actually the weight penalty for blower power and
weight penalty for dissipation of excess electrolysis heat should be consid-
ered. Usually, the latter are small enough to be neglected in comparison to
electrolysis power but for the new design of the vapor cell they became large
in comparison to cell weight at high current density. The weight penalty for
blower power (Wb) is
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oo = 0020 () (55) ()

For the preferred operating conditions of hy = 0.0075 1b HZO/lb DA
and n = 20, the weight penalty as a function of design current density for
P, = 0.3 lb/watt is

P
1D - N 24 :--.,4.4./ mm o am IV - FAPNY
‘.l.'f’total - U, &t I wdlLlL/Illalil ‘U.)Oa’
Wy, = 0.07 i 1b/man. (C37a)
Ml Lonmd Sae crrmbeden ommcndemacloced o] T &1 0 o1 e mdece e TS o —e % Al o o4 L 12
L 1€ neat iii watrtlts Cconrvriputea L)y LIIC elebbfulyblb Uuriit rtiatl imust € dails-
posed of is the electrolysis power (P,) minus the heat of reaction:

Excess heat = P_ - 158 watt/man.

e
The electrolysis power (watts /man) increases with current density as shown
in figure 14 and assuming a heat-rejection penalty of 0. 03 1b/watt for heat
available above 70 F, the weight penalty for heat (Wy,) is:

W, =0.03P_ - 4.7 lb/man.
h e
At the optimum design current density of 15 amp/ft2 the values are

Wp=1.11 /man and Wy, =3.8 1b /man; at 50 amp/ftZ the values are Wy =

3.5 1b/man and Wy, = 5.1 Ib/man. If the total system weight shown is modi-
fied as shown by the dashed line in figure 14 to include the above weight pen-
alties (Wy, + W, ), the effect is to accentuate that the m1n1mum system weight
occurs at the optimum design current density of 15 amp/ft for the assump-
tions used.

Electrode Cost

Electrode cost has not been a criterion in evaluation of the vapor cell
on this project. However, the cost of platinum electrodes is a factor of
interest in discussion of water-vapor-electrolysis cells relative to other
water-electrolysis systems.

Based on an approximate cost of $3/in. 2 for woven platinum screen

electrodes (80-mesh, 3-mil wire), the total electrode cost as a function of
design current density is
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dollars/man.

110,000
Cost =——.;——

For example, at the optimum design current density of 15 amp/ft'2 the cost
of platinum would be $7300 for a l-man prototype. A large initial invest-
ment in platinum would be required for evaluation of large prototype units
but much of the cost of platinum electrodes can be recovered at least as
metal value.

The above cost equation can be used with figure 14 in considering re-
duction in electrode cost for operation at higher design current density than
the optimum for minimum system weight. From about 15 arnp/ftz to
50 amp/ft2, about $750/man of decreased electrode cost can be achieved for
each pound of increased system weight for comparison with the cost of plac-
ing a pound in orbit.

The cost of $3/in. 2 for platinum screen is less than half the cost of
platinum electrodes used in prior studies of the vapor cell and resulted from
the primary effort to reduce electrode and cell weight. Platinum appears to
be the best electrode material for long-term reliability, particularly for the
anode. Less expensive electrode material than platinum screen might be
developed in the future if such research and extended testing as needed to
prove electrode reliability is warranted (i. e., the 1000 to 10,000-hour
periods of operation are of ultimate interest for oxygen-recovery systems).

Comparative Estimates

As can be seen in table 10, the estimate for the P,Og vapor cell com-
pares favorably with other systems. Significant reduction in weight of the
rotating cell has been made, but there are no extended operational data avail-
able at the present time to support claims of reliability or estimated cell
voltage. Further research is needed on the Pd-Ag cell (~25 1b for 3-man
cell) and at the present state of the art only 24 hours' operation has been
demonstrated at 2. 0 volts in a laboratory experiment (ref. 9).

The ion-exchange membrane cell (ref. 8) is probably at the most ad-
vanced state of development but no specific data on operational reliability

are available.

The indications of at least 1000 hours of stable voltage operation on
this project begin to make the P,0g vapor cell look very attractive. A rela-
tively high power penalty was used in the comparison of table 10. Obviously,
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any future reduction in power penalty will favor the higher voltage P,04
vapor cell and provide a lower comparative total weight.

TABLE 10. COMPARISON OF SEVERAL ELECTROLYSIS METHODS

Based on estimated cell voltage and weights for an
assumed power penalty of 300 1b/kw (3-man unit,
381 amperes, 6 1b O,/day).

P,0g Rotating Ion-Exchange Pd-Ag Static
Method Vapor Cell  Cellla)  Membrane(b) Celilc)
Ciall Vaoltaocea valts 2 25 1 87 1 27 1 4§ -2 0
N A Aok v va.vué\.a, Y LW L -e W1 -e LT e U et a W
Design Current 15 37 About 40 75
Density, amp /ft%
Power Weight 258 214 214 183 - 229
Penalty, 1b
Cell Weight, 1b 30 120 135 25
Total Weight, 1b 288 334 349 208 - 253
Total Volume, ft3 ~0. 4 ~3.6 ~5, 2 ~0.2

(a) Recent estimates for new rotating cell designed and built at Battelle (Gontract AF 33(615)-1495).
(b) Based on reported values of 180 Ib and 945 watts for 4-man flight prototype (ref. 8).
(c) Ref. 9.

CONC LUSIONS

The principal cause of the relatively high cell voltage for a water
vapor electrolysis cell with a phosphoric acid electrolyte is concentration
polarization, mainly at the anode. The concentration polarization was shown
to be typical of the high acid concentrations required for operation of the cell
at typical cabin air humidities. The current-interruption technique of voltage
analysis was successfully applied to identification of the components of cell
polarization. The use of platinized-platinum electrodes greatly reduced the
activation polarization and extended operational tests showed that the im-
provement in cell voltage can be maintained for at least 1000 hours.
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Operational performance of experimental vapor cells was consistent
with the theoretical analysis of operation with respect to fluid dynamics,
heat transfer, mass transfer, and electrochemistry. Extended operation
with stable voltage characteristics was indicated for cells designed and
operated under specified conditions within the normal range of cabin air
temperature and humidity. Specifically the initial acid impregnation of the
matrix must be consistent with the steady-state electrolyte concentration
expected in order to minimize flooding and loss of electrolyte entrained in
the air stream.

Improvements in cell design and reduction in cell weight have made

the vapor cell look attractive in comparison with other water electrolysis
systems at the present state of the art.

RECOMMENDATIONS

Further research and development are needed to determine the full
potentialities of a water-vapor electrolysis cell with a phosphoric acid elec-
trolyte. Research is continuing at Battelle to verify the new knowledge of
cell operation obtained from theoretical analysis by further extended oper-
ational testing of experimental cells. In view of the unique integration of an
electrolysis cell in a cabin air-conditioning system, further analysis is re-
quired to define the best cell operating conditions and whether under these
conditions certain apparent problems are sufficiently important to warrant
further research.
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APPENDIX A

DISCUSSION OF CIRCUITRY FOR OBTAINING
POLARIZATION-DECAY CURVES

Two methods were used to obtain oscillographic traces showing the
decay of polarization with time immediately after interrupting the current.
The ideal procedure is to trigger the oscilloscope trace, and then interrupt
the current when the trace is part way across the screen, This gives a base
line corresponding to the closed-circuit potential, then a discontinuity
occurs when the circuit is opened and the potential in the vicinity of the dis-
continuity can be examined carefully. The circuit designed to carry out this
objective is shown in figure A-la. This is a modification of the circuit
described by Trachtenberg (ref. 1). The procedure is

(1) Connect one pair of the electrodes (Ref, C, A) to the
leads from the Type CA plug-in unit in the Tektronix
545 A oscillograph,

(2) Close S5W1 and adjust current at power source.

(3) Record cell voltage, current, and potential of electrode
pair which was selected in Step (1) on VI VM,

(4) a. Set oscilloscope to give single beam; b. d-c input;
c. time base "A delayed by B'"; d, single sweep;
e. adjust trigger level and trigger scope to give trace
when SW2 is closed momentarily; f, using sweep speed
of 1 millisecond per cm, adjust sweep delay on time
base ""B' until potential shift shows on the scope when
SW2 is momentarily closed 2-3 msec; g, adjust vertical
sensitivity to the smallest volts/cm which permits
observation of potential break (by using for Bl, one or
two 1-1/2-volt dry cells and the "position' control, the
trace can be kept on screen).

(5) With the above adjustments complete, a photograph of

the oscilloscope trace can be made at the moment SW2
is closed.
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The mercury relay is an essential part of this circuit because it per-
mits currents up to 3 amp to be interrupted with a minimum of noise. How-
ever, the time of opening of the relay after closing SW2 varies by 0, 5 msec.
This means that as sweep rates are decreased below 50 msec/cm (O. 5 msec
full scale) the chance of finding the potential '""break' on the screendecreases,
Therefore, for studying the potential decay in detail at times in the range of
a few usec after interruption, the circuit in figure A-1b was used,

Further experience with the current-interruption technique of voltage
analysis has indicated the importance of the single-sweep feature (on scopes
such as the Tektronix 545A or 545B) to insure that the potential trace,
immediately after triggering, is the only one displayed on the scope screen.

In the circuit in figure A-1b, a heavy current resistor was placed in
series with the cell, The potential across this resistor when the cell cur-
rent is on is about 3 to 5 volts so when the current is interrupted a sufficient
potential change occurs to trigger the single sweep. (Note: if a differential
input is used to the oscilloscope, such as on a 502 A or 503, one electrode
of the cell must be grounded.) Follow steps in the procedure given for first
circuit, omitting a., c., and f., under (4). The location of the spot on the
screen must be recorded before triggering because there is no base line,
With high sweep rates (1 to 20 usec/cm) a damped oscillation (ringing) is
observed in the interval right after opening of the relay. This is an inductive
effect which is difficult to avoid in interrupter techniques., The first data
point was recorded from the photograph at the point where oscillations
ceased,
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CIRCUITRY FOR OBTAINING POLARIZATION-
DECAY CURVES

B,
B

MR

Ry

SW1, SwW2

0, 1, or 2, 1-1/2-volt dry cells

45-volt dry battery

Mercury-wetted contact relay (Adams
and Westlake Co., Elkhart, Ind.,
Cat. no. MW-1602-1) connected in
normally closed (NC) position

3l-ohm, 5-amp rheostat connected as
resistor

SPST toggle switches.
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APPENDIX B

AN ANALYSIS OF INITIAL ACID IMPREGNATION
AND MATRIX DESIGN IN RELATION TO
FLOODING OF VAPOR CELLS

Introduction

"Flooding' of vapor cells is a serious problem related to reliability,
In this section, equations are developed which allow an estimate of the
proper initial acid impregnation in relation to the matrix and expected
operating conditions, This analysis was prompted by problems encountered
with the earlier experimental cells and with hindsight it is possible to
explain why flooding or loss of electrolyte as spray probably occurred.

The total matrix volume (Vlt) is of concern at the time of impregnation
and may be larger than the effective matrix volume (V) which excludes
edges that are clamped or sealed:

Vi = (Le) (W) (t) = (Ag) (t) (B1)
Ve = (L) (W) (t) = (Ag) (1), (B2)

where t is the total matrix thickness (including composite matrixes). The
grams of phosphoric acid solution used for impregnation can be converted to
grams of P205 added as follows for the example of 1 gram of 85 per cent
H3POy:

(1) (0.85) _
1,381 = 0.615 g P,0g5 . (B3)
The initial acid impregnation (e) can be specified as grams P,Og per
cubic inch of total matrix volume. Values of e are shown in table B-1 for
several experimental cells,

Figure B-1 shows the volume factor (x), in. 3 electrolyte/gram P20s,
as a function of weight percent H3PO4 solution®* which can be calculated from
the acid concentration and specific gravity (sp gr):
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8.43

A H3PO4) (sp gr) (B4)
If at the time of impregnation the available porosity of the matrix
expressed as void fraction (f) is just filled with electrolyte then
e=1L
== (BS)

If the amount of acid added initially is greater than the available pore
volume, the excess will appear as a layer of acid of thickness (ty) dis-
tributed over the matrix area (assume half of t, on each side of the matrix).
For assembled cells the excess acid is free to expand only over the effective
matrix area (Ag). The following equation can be used to calculate ty in
inches for initial impregnation or after dilution to some lower acid concen-
tration during operation by use of the appropriate value of x from figure B-1:

- At
ty = (ex-f)t A (B6)
For the case where the volume of acid is insufficient to completely fill

the available porosity (i.e., t, is minus) the fraction of the available pores

filled with electrolyte (t;) is determined by the following equation:

te=1 - (f 'f ex> (B7)

Flooding

Flooding of vapor cells can occur when abnormal conditions are en-
countered that result in dilution of the electrolyte in the matrix to a lower
concentration with an increase in volume that cannot be retained by the
matrix. Probably some of the excess thickness of electrolyte (t,) can be
retained by the fine-mesh screen electrodes. As an approximation, the
amount of excess electrolyte (ty) that can be retained is assumed to be 2w
where w = wire size of screen electrode in inches, The thickness of the
woven screen electrodes is about twice the wire size but since the screens
are about 50 percent open area, the equivalent thickness available for
electrolyte is about w for each electrode. Assuming that any electrolyte
thickness beyond 2w would be permanently lost from the cell (i. e.,
flooding), the following equations indicate the limiting condition:

*Figure B-1 was derived from density data for phosphoric acid solutions at 35 C (ref. 5).
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TABLE B-1, COMPARATIVE SUMMARY OF INITIAL ACID IMPREGNATION
OF EXPERIMENTAL VAPOR CELLS

Cell: (a) No, 1 No. 2 No. 3 No, 4b

Screen Electrode Wire Size (w), inch 0,0078 0,0078 0,0078 0.0078 0,008
Marrix Thickness (t), inch 0,043 0,036 0,020 0,083 0,053
Total Matrix Area (Ag), in.2 27 27 2,1 5.1 4,2
Total Matrix Volume (Vy), in, 8 1,16 0,97 0,042 0.217 0,22
Effective Mamix Area (Ag), in.2 16 16 1,1 4,0 4,0
Initial P205 Addition, g 28.6 14,9 0,83 2.7 2,1
Initial Impregnation (), g P205/in.3

of total matrix volume 24,17 15.3 19.8 10.0 9.5

(a) Prior NASA studies, Run 96, table 1, 8th Monthly Report,
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FIGURE B-1, VOLUME FACTOR OF PHOSPHORIC ACID AS A FUNCTION OF CONGCENTRATION
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A
X=(ex-—f)th‘-Zvv=0 (B8)
e .

2 A
C TSP =)

The optimum acid impregnation e for partial protection against flooding can
be determined from (B9) by using a value of x from figure B-1 corresponding
to a concentration of H3 PO, that might exist under abnormal conditions.

Acid Spray

Compared to "flooding'', loss of electrolyte by acid spray (aerosol of
electrolyte formed by exploding oxygen bubbles) requires a more accurate
definition of the steady-state electrolyte concentration in the matrix. At
present, the optimum value of t, to minimize acid spray while maintaining
good voltage characteristics can only be estimated from empirical observa-
tions. For example, if observations show that acid spray is minimized for
operation at a particular steady-state concentration of electrolyte, a value of
x” can be determined from (B4) or figure B-1 and assuming reasonable
values of (f) and (t) an optimum value of t - calculated

- . At
tX’ = (ex ‘f)t;&e— . (B].O)

Using the value of t, - from (B10), the optimum initial acid impregnation can
be estimated for any other steady-state condition (x7)

e = %ﬁu)l, ) (B11)
t A x

If the values of (f) and (t) assumed for (B10) are also used in (Bll), the value
of e calculated by the empirical approach should be a good estimate.
Obviously, precise measured values of (f) and (t) would be preferred for
calculation of the initial acid impregnation. In practice, the porosity (f) and
thickness (t) of matrix materials vary within production quality-control
limits, Also the degree of compression of the matrix during cell assembly

will influence both (f) and (t).

The above analysis and equations are only approximate but are useful
for preliminary estimates, The interrelation of initial acid impregnation and
the ability of the matrix to prevent cross leak of gases under various steady-
state and transient operating conditions could be a subject of detailed study.
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Suggested Matrix Design Improvements for Resistance to Flooding

n and initial

The followin ions regarding matrix design

4 s si
wing 1iclus g matris si
acid impregnation for resistance to flooding have resulted from analys

the above equations:

i
i

(1) The ratio of Ay/A should be as small as possible (Cell 4b
had a low ratio) to reduce the relative change in t, for
increase in x.

(2) The matrix thickness should be as thin as practical.

(3) The matrix porosity should be as low as practical.
Since a thin matrix is also desirable for reduction of ohmic polarization to
achieve lower cell voltage, the only limitation in this direction is providing
sufficient resistance to cross leak of gases., The indication that the matrix
porosity should be reduced is important since a reduction in porosity could
provide the needed resistance to gas cross leak as the matrix is made
thinner, There appears to be room for improvement of the present com-
bination matrix of 0, 053-inch thickness since the differential gas pressure
across the matrix is relatively low for normal operating conditions (about
1/2 the air flow pressure drop, which is low based on calculations in
Appendix C).
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APPENDIX C

DERIVATION OF THEORETICAL EQUATIONS

DESCRIBING VAPOR-CRELL OPLRATION

Fluid Dynamics

Material Balance

A water balance for a vapor cell under steady-~state conditions shows
that

h]_ -h2=he-hh , ((Jl)

=
I

inlet air humidity, 1b HO/1lb DA

1
h, = outlet air humidity, 1b HpO/1lb DA
h, = water consumed by electrolysis, 1b H>0O/1b DA
hy, = water leaving cell with hydrogen, 1b H2O/1b DA

The use of "'l pound of dry air' (1b DA) as a basis allows definitions in
terms of ""absolute humidities' (lb H,O/1b DA) which greatly simplifies the
understanding of vapor-cell operation in terms of mass transfer of water
vapor, As will be shown later, the amount of water (hj) that is removed
from the air stream, absorbed in the electrolyte at the anode, transported
across the matrix to the cathode, evaporated from the electrolyte at the
cathode, and leaves the cell with the hydrogen gas is small compared to the
water consumed in electrolysis (h,). Therefore, as a first approximation,
for steady-~state operation of a vapor cell, the water removed from the air
in passing through the cell practically equals the water consumed by
electrolysis:

hl - hz = he . (CZ)
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Air Flow Requirements

An important design parameter is the relative air flow factor (n)
defined as the ratio of the actual amount of water supplied by the inlet air
(h;) to the theoretical amount of water required for electrolysis (h.)

s IE

. (C3)
e

The relative air flow factor (n) can also be defined as the ratio of the
actual rate of water supplied by the inlet air (\'Jvl) to the rate of water con-
sumption by electrolysis (wg):

n=_1 . (C4)

The water consumed by electrolysis according to Faraday's law is:

18
(2) (96, 500) (454)

= 2.05x 10”7 1b HyO/amp-sec. (C5)

The theoretical rate of water supply (w,) for any current (I) is:

We = 2.05 x 1077 (I) . (C6)

v

The rate of water supplied to the cell in the inlet air is:

_ (a) (h1)
160 (©n

w

The relative air flow rate (n) can be obtained by substituting equations (C6)
and (C7) in (C4):

n=

(q) (h1) (C8)
(60) (v)(2.05 x 10" 7) I

_ 81,300 (h1)(q)
- (v) (D) ’

(C9)

where

volumetric air flow rate, ft3/min

o]
]

<
1]

specific volume of moist inlet air, £t3/1b DA
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The specific volume of the moist air can be determined from psychometric
tables and charts or calculated from the following equation for the inlet air
temperature (T]) and humidity (hj): '
v = 19.15 (T + 460)

P

[1 + 16,08 (hl)] ) | (C10)

Equation (C10) is useful if the total air pressure .(P) is other than
atmospheric,

The humidity of the outlet air (hy) can be determined easily by the use
of the parameter (n) when equations (C2) and (C3) are rearranged and
combined:

hj
he = — (C11)
h, =h; - h, (C12)
_ 1

From equation (C9) it can be seen that if the inlet air properties (h;)
and (v) do not change, the parameter (n) is proportional to the ratio of air
flow rate to current (q/I). Thus (n) characterizes any size electrolysis unit
if the values of air flow rate and current apply to that size unit, Several
variations of equation (C9) can be used such as the use of primes to denote a
single experimental cell:

_ 81,300 (h1)(q”)
- (v)(17) )

(C14)

For a battery of N cells where (q°) and (I") are the airflow rate and current,
respectively, of a single cell:

_ . 81,300 (h1) (q")
™ (N (1)

(C15)

For a prototype unit where (qT) is the total air flow rate through the
electrolysis unit designed for M number of men (127 amperes per man for
2 lbOZ/man—day)

81,300 (hl) (qT)
n= . (C16)
(127) (v) (M)
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The total volumetric air flow rate (qT) is often of interest and can be
obtained for a specified value of (n):

_ (127) (v) (M) (n)
Ly (81,300) h; t

(C17)

For generalized design equations the current density (i) is more
_descriptive than the absolute current. Any basic experimental cell size can
be used (rather than the 2 by 2-inch size of this study) if the electrolysis
area is defined in terms of length (L) in the air flow direction and width (W)
perpendicular to L and parallel to the electrode:

I= “-’%24(—“') , (C18)

Combining (C14) and (C18) provides a general equation for volumetric air
flow through a single cell:

.- (I (n)
4 = 1,300 () (C19)

. _{v) () (L) (W) (n)
4 = (81,300)(144)(h;)  ° (C20)

Reynolds Number

For Reynolds number (NRe) less than about 2000, the air flow will be
laminar rather than turbulent., The Reynolds number is defined as:

D,V D,V C21
NRe Touv 1% ( )
where
V = mean velocity, ft/sec
v = specific volume of air, ft3/1b
@ = viscosity, lb/ft-sec
vV = kinematic viscosity, ft2/sec
D, = equivalent diameter, ft.

For noncircular passages, the hydraulic radius is used to calculate Dg:
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4A4

Dg = 4Ry = —4 , (C22)
p
where
Ry = hydraulic radius, ft
A4 = cross-sectional area of duct, £t2
L = wetted perimeter, ft,

For a rectangular air passage through the cell of width (W) and spacing (b),

- 4(W) (b)

De = 3(W + b) . (C23)
Where W >> b, the equation reduces to
D = 2P _ (C24)

e = 12(1000)
where b’ is in mils and De in feet.

For the experimental cells where the width is 2 inches and the spacing about
40 mils or less the above simplification of (Cz2) is valid.

The air baffle used in the experimental cells had grooves (8 per inch)
with a cross-sectional area that was a portion of a circular sector of chord =
0. 120 inch and height = 0, 040 inch from which was calculated the central
angle = 135°, radius = 0,065 inch, arc length = 0,153 inch, and cross-
sectional area = 0, 0035 in, 2:

4(0, 0035)

De = 6153 + 0. 120) (12)

0. 0043 ft . (C25)

This is equivalent to a rectangular section of b” = 0.0043(6000) = 25.8 mils,
The subsequent discussion can be greatly simplified by neglecting the
grooves and considering the aerodynamically equivalent air passage as
spacing b°, Thus, the equivalent air passage will be assumed to be 2 inches
wide with a spacing of 25. 8 mils,

Substituting (C24) in (C21) provides an expression for the Reynolds
number in terms of equivalent spacing (b”):

_ {p) (V)
NRe * 6000 (1 . (C26)
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The cross-sectional area for air flow through a cell is

_ _(w) )
A4 = (T24) (1000) (C27)
The average air velocity (V) through the cell is
-~
Ve etk : (C28)

T (60) (Ag)

Substituting (C20) and (C27) in (C28) the velocity is shown to be independent
of the width of cell (W):

_ (v) (i) (L) (n)
VEBLO)GD Y60 (C29)

Substituting (C29) in (C26) provides a general expression for the Reynolds
number

3.4 x 1078 (v) (L) (i) (n)
e (hy) (v)

Ng (C30)

For values typical of the operation of the experimental cells: v = 14 ft3/1b,
L = 2 inches, i = 32.8 amp/ftz, n=4,0, h; =0,013 1b H,O/1b DA, v =
0.00016 ft2/sec for air at 85 F. The value calculated from (C30) is NRe =
60, This value of Reynolds number indicated definite laminar flow of air
through the electrolysis cell. For the practical range of variables in
equation (C30), turbulent air flow is not likely or actually necessary. Note
in the above equation (C30) that the value of N, is independent of the width
of passage (W) and the spacing (b”). This is generally true for closely spaced
broad parallel plates when the volumetric flow is assumed constant
(according to the steady-state water demand for electrolysis), Equation
(C26) shows that as the spacing (b”) is reduced, the mean air velocity in-
creases but N, remains constant., There is no need to make the air-
passage spacing any larger than necessary and the only limitation to small
spacing is the pressure drop.

Pressure Drop

For laminar flow between broad parallel plates, the pressure drop
(AP, in psi) along the length of air path (L) is defined by the following
equation:
* The theoretical equation for laminar flow between parallel plates does not have the same constant as the more
familiar equation for circular ducts because of the difference in velocity distribution (i. e,, relation of average
velocity V to maximum velocity).
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(VAL (©31)

AP = 50478 (5772

where
K = viscosity, centipoise

W= 1488 p = 1488 pv= S0 (C32)

Combining (C29), (C31), and (C32)

6.4 (v) (i) (n) (L)
(By) ()3

AP = . (C33)

Using the typical values for the experimental cells:

6.4 (0.00016)(32. 8)(4)(2)2

LP = (0.013)(25, 8)3

AP = 0,0024 psi,

The above calculated value of pressure drop is the same as was measured
during operation of experimental cells,

Blower Power

The power (P; in watts) required to flow air through the cell is the
product of the volumetric flow rate (from equation C20) and the pressure
drop (from equation C33) modified by the fractional efficiency of the fan or

blower (n):

1 horsepower = 33, 000 ft-1b/min = 746 watts

[ @@ 6. @ EIL2 T (144)(746)

Pg = [(31, 300)(144)(h1)][ (B)(b")3 1 (n)(33, 600) (C34)
2 2

P;=1.8x1 (C35)

The total blower power per man (Pg)i,ia] can be determined by use of (C17)
and (C20)

109



P P 2

ql I d

Substituting an expression for current density in (C35a) and combining with
(C35)

v\ /L2 2N
(Pg)total = 0. 033 (;—lz><§3' <n77-> i (C36a)

The weight penalty for blower power is

Wb = (PP) (Pf)total . (C37a)

Heat Transfer

Heat Balance

The electrical energy put into the electrolysis cell is
P, = EI . (C36)
The energy consumed by the chemical reaction at 77F is
AH = 57,798 cal/g-mol HZO (C37)

for the reaction: HO (g) = Hp(g) + 1/2 O2(g). The excess heat put into the
system that must be dissipated is

Q, = EL- AH (f) , (C38)

where f is a conversion factor, watts-g-mol H,0/cal.

From Faraday's law

1
(2)(96, 500)

1 calorie = 4, 184 watt-sec

= 5,18 x 10-6 g-mol H,O/amp-sec

f=(5.18x 1076)(4. 184)(I) = 2.17x 10751 (C39)
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Substituting (C37) and {C39) in (C38)

O. =TT _ {67 70QM? 17 +~ 1n-H51 71
Hln_ dd L ‘Jl’ '7Ul“l. A1 A AV ’ oL
Qin=I1(E - 1,25) . (C40)

The above equation shows that all of the cell voltage above 1,25 volts con-
tributes to heat that must be removed from the cell, Approximately, all of

tha call valtace ahave the raveraihle ha11 nnotantial Af 1 22 vAl+ +ha
Ll C&ud VOitage alolivVe tal Ioversliold CEa yupu;xu;a; cf 1,23 volts \1.. e, , uic

total cell polarization) results in heat,

Assume that all of the heat generated in the electrolysis cell has to be
carried away by the air stream passing through the cell, The heat removed
can be determined from the air flow rate, specific heat (CP) and temperature
rise (ATyp) of the air from inlet (T;) to outlet (T,) using the conversion
factor 3,417 Btu/watt-hr:

_ (q) (60) (Cp) (A TA) (C41)

Qout = = () (3. 217) .

Equating (C40) to (C41) and solving for ATA:

5.7 x 10~2 (v)(I) (E-1. 25)

ATp = . C42
A (Cp) (@) (C42)

Substituting the value of n from (C13) in (C42)
AT, = 4620 (h1) (E-1,25) (C43)

(Cp) (n) '

The specific heat for moist air of humidity (h;) can be calculated from the
following equation

Cp = 0.24 + 0,45 hy . (C44)

For the particular value of hl =0.013 1b HZO/lb DA used for the experi-
mental study
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Cp = 0.24 + 0.45 (0.013) = 0, 246

4620 (0.013) (E-1.25)
(0. 246) (n)

AT, =

244 (E-1.25)
ATy = - . (C45)

Equation (C45) shows why well-insulated vapor cells cannot be operated at
low n values,

For a prototype electr01y51s unit the value of n calculated by
equation (C16) using v = 14 ft3/1b can be substituted in equation (C43):

(81, 300) (h,) (q.p)

B Tz (14) (M) (C46)
4620 (E-1.25) (h]) (127) (14)

ATA = (0.2461 (81, 300) (B)) (g, M) (can
aT, = 411 (E-1.25) (C18)

(qT/M) )

If the total volumetric air flow rate (qT) divided by the number of men (M) is

qT/ =15 ft3/m1n per man and the cell voltage is 2, 25 volts:

411 (2.25 - 1,25) _ = 27.4 F

15 . (C49)

AT, =

The above calculations emphasize that the temperature rise of the air
stream does not depend on the electrolysis-cell design or physical dimen-
sions. The temperature rise of the air stream does not depend on the inlet
air humidity (the effect of humidity on specific heat and specific volume tend
to cancel each other). The air temperature rise is directly proportional to
electrolysis cell polar1zat1on and a high air flow is required to prevent h1gh
cell temperature [i.e,, 15 ft3/min per man corresponds to n = 9 for h
0,013 1b H,O/1b DA in equation (C46)].

For a water-vapor electrolysis cell located in an air duct for cabin air
recirculation, all of the excess electrolysis energy that is converted to heat
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serves to increase the air temperature. The total temperature rise of the
air stream is the same even if part of the air is diverted around the outside
of the cell and only part of the air flow passes through the cell, Obviously,
the most beneficial effect on maintaining a low internal cell temperature is
obtained if all of the available air is passed through the cell, Similar
reasoning indicates why the use of cooling fins on the electrolysis cell are
of little benefit in lowering internal cell temperature if the fins are to be
cooled by diverting air flow in the duct that could just as well have been
passed through the electrolysis cell,

Heat-Transfer Coefficient

The heat-transfer coefficient has been determined for the analogous
situation of laminar fluid flow through a wide rectangular slit. For low
Reynolds numbers and small spacings (b”), the heat-transfer coefficient (hy)
is given by the following equation (ref, 10):

h,De DeV p 4 /De
2B EE

DeVCyp (3600)

h =K o (C51)
n = x 2LE (V) (Co) (3600) (C52)
where
Kj = 1/2 for heat transfer from both walls
K, = 2/3 K, = 1/3 for heat transfer from only one wall
h, = heat-transfer coefficient based on the average
temperature difference
where
T, = mean temperature of electrolyte in matrix at anode

screen/electrolyte interface with the air,
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Electrolyte Temperature (Ty,)

Assuming all of the heat generated in the electrolysis cell is trans-
ferred to the air stream flowing through the cell:

o _a(60)(Cp) ATA

1 AN
\Lo4)
v
b’(V) (3600) (W) (C,L)(AT

0) (W) (Cp) (2 Ta) : (C55)

\1 “":l\ ]

Substituting (C52) in (C53), equating with (C55) and simplifying:
Tz + T]
ATp =2K( Ty — — (C56)
ATA
- C57
l,: m < 1 2 ‘I (' ')
1

Tm—"T1+<1/2’+§K>ATA . (C58)

The value of the expression (1/2 + IK) depends on the assumptions

2
regarding the manner in which heat is transferred to the air stream from
the walls of the air passage. For the assumption that all of the heat is
transferred across one wall only (the anode screen/electrolyte interface
with the air), the value of Kp = 1/3 is used in equation (C50) and (C58) sim-

plifies to

Tm =T;+2.0 ATA (one wall). (C59)

In practice, some heat will be transferred to the air stream from the wall
(plastic air baffle) adjacent to the anode which will be at a higher tempera-
ture than the air. Heat will be conducted to the latter wall from the
hydrogen-gas side of the adjacent cell or across the air channel at points
where the air baffle touches the anode. Heat will also be transferred across
the air channel by radiation from the anode surface which should be a good
radiator since it is blackened. All of the above effects will tend to heat the
wall of the channel opposite the anode, In the extreme case, the opposite
wall could rise to the temperature of the anode and the value of Ky = 1/2 is
used in equation (C50) and (C58) simplifies to

T, =Ty +1.5AT, (twowalls). (C60)
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The actual value of Ty, lies between the values calculated by (C59) and
(C60), An intermediate value is used for estimates:

T =T

i+ 1,758 AT
“m 4] T el

A - (C61)
The value of K; or K3 for use in (C50) is independent of air flow rate
at low flow rates, that is for NRe Npy (De/L) <8, This corresponds, for
the present system, to Reynolds numbers less than about Ny, = 450, For
NRe > 450, the heat-transfer coefficient does not increase in proportion to
the flow rate and T, calculated from (C50) will be too low, Apparently, for

SRR RS AII) TTTTTTTYYT Ss eess === I 3 i A0 4
NRe < 450 the exit gas is all at the same temperature. For NR, > 450, the
temperature of the gas in the center of the channel is slightly cooler, and

not quite as much heat is carried away.

Heat Removed by Hydrogen Gas

The ratio of the heat carried away by the hydrogen to the heat carried
away by the air stream can be estimated from the following equation:

2 hy
h; (C
1 {Cplu, _ _3.5h; _l.6h (C63)
9n (Cp)air (9) (0. 24)n n :

For example, even if the hydrogen left at the same temperature as the
air and with h1=0.013 1b H20/1b DA and n = 4

1.6 (.013)

7 = 0, 0052 (C64)

and only 1/2 per cent of the heat is carried away by the hydrogen, As n is
increased the error is proportionally less in neglecting the heat carried
away by the hydrogen,

Any water vapor leaving in the hydrogen stream has no net cooling
effect on the cell,
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Heat Transfer From Anode to Cathode

Assuming the thermal conductivity of the impregnated matrix to be
about 0.1 Btu/hr-ft-F, the rate of heat transfer across the matrix from
anode to cathode is

Q _ k _(0.1)(12) _ 2
AT U 0053 = 22,8 Btu/hr-ft4-F . (C65)

For a current density of 21 amp/ft and a cell voltage of 2, 35 volts, the
rate of heat generation in the cell is

— 2
LW/ 144

(i) (E-1.25)(3.42)

21,5 (2.35-1. 25)(3.42) = 80 Btu/hr-ft% . (C66)

Even if all the heat were transferred from the anode to cathode, the differ-
ence in temperature of the anode and cathode wauld be less than 4 F, Since
in practice over 90 per cent of the heat is transferred to the air stream from
the anode and very little heat is transferred toward the cathode, the tem-
perature gradient from anode to cathode is less than 0.5 F,

Heat Transfer Parallel to Anode

While there is little temperature gradient from the anode across the
matrix to the cathode there can be a temperature gradient for the electrodes
and matrix from the air inlet end of the cell to the air outlet. As a first

approximation one could consider that the temperature gradient for heat

Ty + T2 .
transfer to the air stream Tm - ——1——2-—-—— is the same value from the air

inlet to the air outlet (i. e., uniform rate of heat transfer all over the anode
interface)., Thus

T’, -~ T =AT , (C67)

where the primes refer to the anode/electrolyte temperature and the sub-
scripts to the air inlet and outlet. Actually, the first approximation must be
modified by heat transfer along both anode and cathode and through the
matrix/electrolyte in a direction parallel to the air flow but from T'z to T'l.
The amount of heat that can be transferred along the electrodes and matrix
for temperature equalization can be compared to the heat transferred to the

air,
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Assuming 80~-mesh platinum wire of 3-mil diameter and including both
electrodes,

_ 2.(0.785) (0. 003)2 (160) -

A 144

1.57 x 1075 2 (C68)

Q _ KA _ (40.6)(1.57 x 10-5) _ -3 Btu '
AT L/1z2 ~ 2/12 =3.82x 1077 == . (C69)
The value of Q/A T is relatively small for the matrix and can be combined
with the above value:

A = @:ﬂ?ﬂ(_z) = 0,736 x 10-3 £t2 (C70)
144
Q _ (0.1)(0.736 x 10°3) _ -3 Btu
i T 3712 =0,44 x 10 }ETF-‘ (C71)
Q@ o ,
S T,Z_T,l_ AT, (approximately) (C72)
o (3.82x 1073) + (0.44 x 1073) = 4,3 x 1073 2 (C73)
ATA . ° ¢ hr-F

Using a typical air flow of g = 0,053 ft3/min, the amount of heat transferred
to the air from equation (C41l) is

Q _ 60(q) (Cp) _ (60)(0.053) (0. 246) _ -3 Btu
£T - P! = =58x 1077 ——= . (C74)
-3
Comparing (C73) and (C74) indicates that only 4. 35x8 1010_(3100) = 7 percent
x

of the heat can be transferred along the electrodes to equalize the electrode/
matrix temperature from inlet to outlet. The above percentage decreases
as the relative rate of air flow is increased (q = 0. 053 ft3/min corresponds
to about n = 6,7 for h = 0.013 1b H,O/1b DA).

Further knowledge of the temperature distribution in the matrix would
require experimental study because of the complex interaction of heat trans-
fer on local voltage/current density relationships, If the cell is operated at
relatively high air flow rates (i.e., n = 20) for relatively small ATp the
actual temperature distribution along the electrode does not appear
important,
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Heat Loss From Cell Case

For a single experimental cell, the heat lost through the cell case can
be a large portion of the total heat, particularly if the outer surface of the
cell case is exposed to a cool air stream in turbulent flow as was the
experimental cell (i.e,, Cell 4b), Insulation of the cell case, particularly
the 4-in, 2 area at the top and bottom of the cell, can reduce the heat loss if
this is desirable for experiments.

A practical consideration of the operation of a water~vapor-
electrolysis unit in a cabin air-recirculation duct indicates that practically
all of the heat will be transferred to the air stream flowing through the cell,
The highest temperatures will be encountered for a centrally located battery
of cells and for a centrally located cell within a battery. The situation can
be simulated by insulating four of the six sides of the battery or individual
cell, Thus, the only external heat-transfer surfaces of the cell of practical
concern are the ends facing upstream and downstream, Since the latter sur-
faces are also exposed to laminar air flow, they can be treated as extensions
of the anode heat-transfer surface,

The same reasoning applies to any lead wires used as intercell
connector which are in the air stream. For example, a value of L = 2,0
inches has been used for the anode length., For an actual experimental cell
of total length 2. 1 inches plus thickness of 0,15 inch (added on at inlet and
outlet), the effective length for heat transfer is 2, 3 inches compared to the
2.0 inches used in the previous derivation of equations (C59) and (C60), The
maximum correction that need be applied to equation (C58) is

1_ (2.0
2(1/3)\2.3

Tm=T1+[1/2+ )]ATA=T1+1.83ATA . (CT75)

At most, the above correction would affect the estimate of temperature Ty,
by about 5 F or within the limits of accuracy claimed for the approximate
equation (C61),

Mass Transfer

Mass-Transfer Coefficient

In the air stream passing through the electrolysis cell water vapor
diffuses toward the anode and oxygen diffuses away from the anode,
According to the stoichiometry of the reaction, two molecules of water
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vapor (molecular weight 2 x 18 = 36) diffuse for every molecule of oxygen
(molecular weight 32), Thus, the net flow on a weight basis is very small,
and, considering the low concentration of water vapor, the diffusion velocity
can probably be neglected. Being able to neglect the diffusion velocity in-
sures that the mass-transfer equations take the same form as the heat-
transfer equations, and the results derived previously for heat transfer to
the air stream can be applied, with only slight modifications, to the mass-~
transfer situation,

The mass-transfer coefficient can be determined from the same

C
equation as for heat transfer (C50) if the Prandtl number( P, = —1-3-,)—’-1 is
14 h;De hpDe
replaced by the Schmidt number <SC =D and (? is replaced by< D) .

Since mass transfer for the vapor cell will occur on only one plate of two
parallel plates, the coefficient K, = 1/3 must be used.

hpDe _1 /Dev\/ v De (C76)
D 3 v D L
hp DV  2b°V
v ~ 3Lv_ 3Lv . (C77)

Defining hp, analogously to ha in (C53):

w
H,O hp /x; + x2
27 _ —.<_1__ - xm) (C78)
Lw v 2
WH,0 b VWh;, :
= (C79)

LW =~ vnLW

Humidity in Equilibrium With the
Electrolyte (hy,)

The weight fractions, x, are approximately equal to humidities, h,
within about 1.5 percent so the substitution of humidities can be made in
(C78). Combining (C77) and (C78) and equating to (C79):

(C80)

bVWh; 2pv /by + hy n
vnLW 3Lv< z m) .
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Equation (C80) reduces to

h hi+h
1 2 17122 :
T 3 < 2 'hm> o (C81)

and solving for hyy,

h,, = > > . (C82)
Since
and
hy
bp-k=o (C84)

substituting (C84) in (C83) and then in (C82)

h; 3hy
e S e (C85)
which simplifies to
hy, =By (1 -2 c86
m -~ 1 “n . ( )

The value of (h,,) from (C86) and the value of (T,,) from (C61) taken
together define the average steady-state electrolyte concentration in the
matrix at the anode by use of figure 12,

The driving force Ah,, for mass transfer of water vapor from the air
to the matrix from (C80) is

hl + hy
Dby =—— ~by - (C87)
From (C82) it can be seen that
b
Ahp, = 1.5 o . (C88)
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As a first approximation it can be assumed that the same driving force Ah,,
exists at all points.along the air flow channel from inlet to outlet., There-
fore, the value of h”] (near the inlet) and h”2 (near the outlet) are

h";=hy - 1.5 (C89)

. (C90)

slj" ::f|,_,‘

h’2=h2- 1.5

Correction for Humidity of Hydrogen

Equation (C2) was only an approximation of (Cl) because the water

leaving the cell with the hvdrogen gas (h:) was neglected to simnlify the

Ly Lilh WALV esd VEALLL VUMY MMy HEEVHEYHE BTV \“nl WEE LV HATTIRM VY CLildpaiiy bW
derivations, Because of the low flow of hydrogen gas, it can be assumed
that the water-vapor pressure of the hydrogen gas is in equilibrium with the
water-vapor pressure of the electrolyte at the cathode/hydrogen interface,
The latter electrolyte concentration is approximately equal to the electrolyte
concentration at the anode/air interface, Humidities can be calculated from
vapor pressure as follows:

<P p> 555 = Pm (Ib H;0/1b DA) (C91)

( - =h% <1b H,O in H,/1b dry H2> . (C92)

The values of humidity (h,,) for figure 12 were calculated from the following
form of (C91) using values of water-vapor pressure (p) in equilibrium with
phosphoric acid as shown in figure 12, The value of the total pressure (P)
was assumed to be 760 mm Hg:

_ 1.6 (P)(hm)
p_——l.gﬁ—r;) . (C93)

Since electrolysis produces 0.25 1b Hy for each 2,25 1b H,O electrolyzed

P 18 /0.25\ _ p
P—p> 2 (2.25) " P-p ’ (C94)

where the units of hfi are 1b H,0 in Hy/1b HpO electrolyzed, The units of
(hg) from (C1) are 1b H,0O electrolyzed/lb DA and combining with (C94) gives
hy, in units of 1b HpO in H,/1b DA:
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hy = prs () . (C95)

Substituting (C91) in (C95):

hy = 1.6 (h_ ) (h,) | (C96)
hy,

h—-—' = 1. 6 (hm) - (C97)
€

For typical values of (hy,) of 0,006 to 0,010 1b H,O/1b DA (figure 12), the
ratio of hy/hg is very small and the error in neglecting hy as in equation
(C2) is only 1 to 1.5 percent,

From (C92), (C95), and (C97),

h*, = 14 hy . (C98)

Equation (C98) can be used to show that the water content of the hydrogen
gas from the vapor cell is relatively low compared to other electrolysis
systems that use a more dilute electrolyte of higher vapor pressure, For
example at 90 F and h,, = 0, 0065 1b H,O/1b DA from figure 12

h7, = 14(0. 0065) = 0, 09 1b H,O/1b dry H, (C99)

. _ _(36)(8) _
b aturated at 90 F - (760236 (2) - O+ 45 1P H,O/b dry H,  (C100)
Relative humidity of H, gas = 2'—%271(%92)= 20% . (C101)

A low water content of the hydrogen gas (i.e., dewpoint of about 4F) is an
advantage for hydrogen use in other subsystems for reduction of carbon
dioxide.

As shown by equation (C93) the amount of water that has to be trans-
ported across the matrix from anode to cathode (hy) to equal the water lost
with the hydrogen gas is only 1 to 1.5 percent of the water consumed in
electrolysis, Thus there would be a neglibible electrolyte concentration
gradient required from anode to cathode., More likely the ionic transport
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of water in acid electrolyte would tend to make the concentration of acid
lower at the cathode than at the anode. Measurement of the humidity of
hydrogen gas evolved from the cell and comparison with the theoretical

equation (C88) might be used to estimate the electrolyte concentration at
the cathode,
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